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THERMOELECTRIC  COOLING  DEVICES 


PREFACE 

The  development  of  science  and  technology  during  recent  years  has 
been  charactcri zed  by  wide-spread  usage  of  artificial  cooling  methods. 
Comparatively  recently  artificial  cold  was  most  effectively  produced  by 
Freon  refrigerating  machines  which  completely  fulfilled  practically  all 
requirements.  During  the  past  ten  years,  however,  qualitatively  new 
demands  have  been  made  on  refrigerators  which  cannot  be  met  by  Freon 
installations.  The  choice  of  a  refrigerator  will  also  determine  overall 
dimensions  and  weight  characteristics,  power  requirements,  the  possibil¬ 
ity  of  reliable  operation  under  the  influence  of  static  and  dynamic  over¬ 
loads,  the  length  of  service  life  and  a  series  of  other  factors.  Many 
of  these  factors  cannot  be  satisfied  by  compressor  refrigerators. 

Therefore,  the  great  amount  of  interest  which  the  new  branch  of 
refrigeration  engineering- -the  technique  of  thermoelectric  cooling--has 
attracted,  is  fully  understandable.  If  several  years  ago  thermo-electric 
cooling  devices  were  only  pictorial  representations  of  a  new  method  of 
obtaining  cold,  then  at  the  present  time  numerous  organizations  both  in 
the  USSR  and  abroad  arc  engaged  in  the  development  and  industrial  manu¬ 
facture  of  various  types  of  thermo-electric  cooling  devices.  Numerous 
articles  appear  in  the  press  every  year  devoted  to  the  technique  of 
thermo-electric  cooling.  However,  there  is  not  a  single  textbook  which 
generalizes  the  experience  in  engineering  design,  construction  and  the 
technology  of  manufacturing  thermo-electric  devices. 

The  auti.or's  book  "Thermoelectric  Cooling  Devices",  published  in 
1963,  was  an  attempt  tu  fill  an  existing  omission  in  the  reference 
materials  on  thermoelectric  cooling.  The  basis  of  the  book  was  work 
accomplished  mainly  at  the  Institute  of  Semiconductors  of  the  Academy 
of  Sciences  of  the  USSR  and  at  several  organizations  during  the  period 
from  19S6  to  1961.  Considering  the  large  amount  of  interest  in  thermo¬ 
electric  instruments  manufactured  on  the  part  of  numerous  organizations. 
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tlio  decision  was  mail*'  ti  reprint  the  hook  "Thermoelectric  Cooling 
Devices,"  Included  in  the  second  edition,  significantly  revised  and 
expanded,  arc  the  results  in  invest i gat  ions  and  developments  prior  to 
1%(> . 


In  the  first  part  of  the  hook,  which  is  devoted  to  the  physical 
nature  of  thermoelectric  cooling,  chapters  have  been  added  eoncernin  ; 
thermogaivanomagnet ic  cooling  methods  concerning  materials  Tor  thermo¬ 
elements  and  other  materials.  1  lie  third  part  contains  a  significantly 
expanded  description  of  thermoelectric  devices  intended  for  use  in  var¬ 
ious  sectors  of  scientific  and  production  activity. 

Many  of  the  devices  described  were  developed  by  the  author  with  the 
outstanding  creative  participation  of  l\  S.  Vinogradov,  ti.  M.  Voronov, 

A.  M.  Ivanov,  1.  1.  Komarov,  V.  S.  Kutogribov,  1.  V.  linken,  R.  1.  Tsirkcl, 
M.  A.  Zakrevska. 

A  visual  hygrometer  was  developed  by  V.  P.  Uybal1 scheno.  A  refrige¬ 
rator  for  stock-raising  with  iiquid  heat  removal  was  created  by  M<  A. 
Kaganov,  Ye.  A.  Kolenko,  1.  ti.  Mushkin,  and  A.  !■'.  Chudnovskaiy .  Thermo¬ 
electric  nul  1  -thermostats  were  constructed  by  A.  N.  Voronin,  li.  M. 

Shero,  and  A.  ti .  Shcherbina.  The  inventors  of  a  thermostat  for  the 
determination  of  naphthalene  in  coke-oven  gasses  wore  A.  N.  Voronin, 
and  A.  C.  Shcherbina.  A  thermostat  for  photographic  solutions  was 
developed  by  A.  N.  Voronin,  E.  M.  Shero,  and  A.  C. .  Shcherbina.  A  thermo¬ 
electric  refrigerator  for  cooling  milk  on  dairy  farms  was  created  by 
S.  P.  Bardeyeva,  I.  A.  Ioffe,  M.  A.  Kaganov  and  A.  S.  Chudnovskiy.  A 
thermoelectric  cooler  for  radiation  balance  meters  was  designed  by  V.  i\ 
Rybal'chenkc.  A  refrigerator  with  a  detachable  battery  was  developed  by 
1.  S.  Lisker  and  A.  S.  Chudnovskiy.  The  author  takes  this  opportunity 
to  express  his  gratitude  to  numerous  people  for  materials  courteously 
presented  for  this  work.  The  author  also  expresses  his  sincere  grati¬ 
tude  to  I.  1).  liusenkova  for  selection  and  formulation  of  the  materials 
of  the  book  and  to  T.  N.  Dunayeva,  who  took  upon  herself  the  labor  of 
checking  the  manuscript. 
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INTRODUCTION 


The  effect  of  thermoelectric  cooling  was  first  discovered  and 
described  in  1834  by  the  trench  physicist  Jean  Peltier.  This  phenomenon, 
having  obtained  the  name  of  the  Peltier  effect,  consists  of  the  fact 
that  during  the  flow  of  the  constant  electrical  current  in  a  certain 
direction  through  an  electrical  circuit  consisting  of  diverse  conductors, 
a  certain  quantity  of  heat  is  absorbed  at  the  junction  of  the  conductors, 
and  the  junction  is,  therefore,  cooled. 

The  subsequent  work  of  investigators,  in  attempting  to  explain 
the  nature  of  the  Peltier  effect,  revealed  that  the  quantity  of  the  heat 
absorbed  at  the  junction  of  the  conductors  is  proportional  to  the 
strength  of  the  current,  to  the  duration  of  the  flow,  and  to  a  certain 
coefficient  which  depends  on  the  physical-chemical  properties  of  the 
circuit  conductor  material. 

Notwithstanding  the  fact  that  since  the  time  of  the  discovery  of 
the  effect  of  thermoelectric  cooling  more  than  130  years  have  passed,  its 
practical  application  has  become  possible  only  during  recent  years.  This 
situation  finds  an  explanation  in  the  fact  that  a  great  deal  of 
importance  was  not  attached  to  this  effect  earlier  since  the  cooling 
effect,  generated  at  the  junction  of  the  diverse  metals,  was  quite  small. 

In  1911  the  German  physicist  Altcnkirch,  in  attempting  to  formulate 
a  theory  of  thermoelectric  cooling  for  metallic  thermocouples,  came  to 
the  conclusion  that  the  practical  use  of  this  phenomenon  would  not  be 
advantageous. 

As  a  result  of  many  years  of  work,  the  academician  A.  F.  Ioffe 
and  his  colleagues  in  1950  formulated  a  theory  of  power  application  of 
thermoelectricity,  having  established  the  conditions  and  having  indicated 
the  path  for  the  creation  of  highly-ef feet i ve  transformers  or.  the  basis 
of  semiconductor  materials.  At  the  present  time,  intermetallic  alloys 
serve  as  materials  for  this  purpose  on  the  basis  of  bismuth  telluride 
and  several  of  its  solid  solutions.  The  creation  of  highly-ef feet ive 
semiconductor  materials  for  the  arms  of  the  thermoelements  permitted 
an  approach  to  be  made  toward  the  technical  realization  of  the  Peltier 
effect . 

For  the  first  time  in  world  practice,  engineering  designs  for 
thermoelectric  cooling  devices  were  formulated  in  1957  at  the  Insti¬ 
tute  of  Semiconductors  of  the  Academy  of  Sciences  of  the  USSR.  Recently 
more  than  100  thermoelectric  devices,  of  various  design  and  for  various 
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purposes,  were  developed  at  the  institute.  Among  these  were  devices 
intended  for  use  in  astronomy  and  botany,  nuclear  physics  and  agri- 
culture,  vacuum  technology,  and  archeology,  meteorology  and  medicine, 
electronics,  and  a  whole  series  of  other  fields  of  science.  Many  of 
the  devices  developed  in  the  course  of  several  years  are  now  being 
produced  by  native  industry,  which  has  laid  a  foundation  for  a  new 
branch  of  refrigeration  enginccring--that  of  thermoelectric  instrument 
manufacture. 

Such  high  interest  in  this  new  branch  of  technology  is  explained 
by  the  fact  that  thermoelectric  cooling  has  opened  qualitatively  new 
methods  in  the  creation  of  small-sized  devices,  intended  for  the 
reduction  and  stabilization  of  temperature  in  small  areas  or  for  the 
creation  of  local,  strictly  regulated  sources  of  cold,  which  if  applied 
through  the  utilization  of  previously  existing  methods  of  artificial 
cooling  would  not  be  economically  advantageous  or  technically  feasible. 

In  thermoelectric  devices  it  is  possible  by  changing  the  value  of 
the  supply  current  to  change  smoothly  the  temperature  and  rate  of 
cooling,  and  by  changing  the  direction  of  current  flow  to  convert  the 
apparatus  from  a  cooling  to  a  heating  cycle,  winch  permits  changing 
the  temperature  in  accordance  with  an  established  program. 

The  theory  and  practice  of  thermoelectric  cooling  was  first  developed 
in  the  USSR.  Our  priorities  in  this  area  arc  protected  by  68  foreign 
patents . 

The  reade  •  who  is  interested  in  the  development  of  the  technology 
of  thermoelectric  Instrument  manufacture  abroad  may  find  corresponding 
references  in  the  list  of  references  at  the  end  of  the  book. 
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PART 


THE  THEORY  OF  THERMOELECTRIC  COOLING 


Chapter  I.  The  Basic  Energy  Relationships 

Section  I.  Maximum  Temperature  Reduction 

The  basis  of  any  thermoelectric  cooling  device  is  the  elementary 
thermoelement,  which  is  a  series  connection  of  two  semiconductor  arms 
(figure  1),  one  of  which  possesses  electron  (n)  conductivity,  and  the 
other,  p-type  conductivity.1 


n  » 


1 

^Ill- 


Figure  1.  Oiagram  of  an  Elementary  Thermoelement. 

During  the  passage  of  a  direct  electric  current  through  the 
thermoelement  in  the  direction  indicated  on  the  drawing,  a  difference 
in  temperature  is  generated  between  the  connecting  slabs  1  and  2, 
which  form  the  junction  of  the  thermoelement,  and  which  is  caused  by 
the  release  (at  junction  1]  and  by  the  absorption  (at  junction  2)  of 
Peltier  heat. 

If,  in  this  connection,  as  a  result  of  heat  transfer,  the  tempera¬ 
ture  of  junction  1  is  maintained  at  a  constant  level,  the  temperature 
of  junction  2  is  reduced  to  a  certain  defined  value.  With  a  given 
current,  the  value  of  the  temperature  reduction  depends  on  the  heat 
load  on  it.  This  load  is  composed  of  the  heat  influx  from  the  surround¬ 
ing  medium,  from  the  heat  passing  from  junction  1,  due  to  heat  transfer 
from  the  thermoelements  comprising  the  arms,  and  from  Joule  heat, 
released  in  the  arms  of  the  thermoelement  during  the  passage  of  current 
through  them. 


1  In  further  discussion  of  the  relationships  characterizing  the  opera¬ 
tion  of  thermal  cooling  devices,  we  shall  not  examine  the  thermopile, 
which  consists  of  a  group  of  series  or  parallel  connected  thermoelements, 
but  the  individual  thermoelements,  which  from  a  qualitative  point  of 
view  does  not  change  the  main  point. 
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Joule  heat  substantially  influences  the  operation  of  the  thermo¬ 
element.  In  fact,  if  the  Peltier  heat  absorption  is  proportional  to 
the  first  stage  of  the  current  intensity,  i.e. 


then  the  heat  released  in  the  thermoelement  due  to  the  Joule  effect  is 
proportional  to  the  square  of  the  current  intensity: 

-<*JO 

Calculation  reveals  that  in  a  first  approximation,  approximately 
half  of  the  Joule  heat  passes  to  the  cold  junction  of  the  thermoelement, 
which  correspondingly  decreases  the  cooling  effect.  Figure  2  shows  the 
dependence  of  the  heat  which  passes  to  the  cold  junction  of  the  thermo¬ 
element  due  to  the  Joule  (Q^)  effect  and  substracted  from  the  junction 

as  a  result  of  the  Peltier  (Q,,)  effect  on  the  value  of  current  1  supplied 

to  the  thermoelement. 


Figure  2.  Dependence  of  Joule  (Qj).and  Peltier  (Q^) 

Heat  Quantity  Released  at  the  Cold  Junction  of  the 
Thermoelement  on  Current  (I). 

Since  both  effects  take  place  in  one  electrical  circuit,  in  combin¬ 
ing  them  algebraically,  we  obtain  a  resultant  curve  which  characterizes 
the  heat  balance  of  the  thermoelement  at  various  values  of  supply  current. 
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The  current  has  a  minimum  which  corresponds  to  optimum  current  I 

at  which  the  maximum  temperature  reduction  is  obtained  at  the  cold  junc¬ 
tion  of  the  thermoelement.  Due  to  the  amount  of  slope  of  the  curve  mini¬ 
mum,  the  maximum  cooling  created  by  the  thermoelement  does  not  show  a 
marked  dependence  of  the  value  of  the  current  supplied.  In  operating 
designs  of  thermal  cooling  devices,  a  change  in  current  intensity  by 3  4  10% 
from  the  optimum  value  has  practically  no  influence  on  the  degree  of  cool¬ 
ing. 


However,  a  noticeable  increase  in  current  intensity  above  the  optimum 
value  leads  to  a  decrease  in  the  cooling  effect  as  a  result  of  an  increase 
in  Joule  heat.  A  further  increase  in  current  intensity  may  cause  the 
Joule  heat  to  exceed  Peltier  heat,  and  cooling  of  the  junction  in  this 
case  would  be  transformed  into  heat . 


In  order  to  find  the  optimum  current  value  we  shall  write  an 
equation  for  the  sum  of  the  Joule  and  Peltier  heats,  appearing  at  and  be¬ 
ing  absorbed  at  the  cold  junction  of  the  thermoelement  per  unit  time. 

Q^-n^j  +  lpR,  (1) 

Where  II.  is  the  Peltier  coefficient  of  the  thermoelement,  consisting 
1  , 

of  semiconductors  1  and  2  (U  is  the  resistance  of  the  thermoelement, 
defined  by  link  l,  by  specific  resistance  o^  and  p^  and  by  sections  Sj 

and  S.,  of  the  arms  of  the  thermoelement,  as  follows: 


(2) 


After  differentiation  (1),  we  find  that  Q  achieves  a  maximum  with 
optimum  current 


I 


(3) 


from  which 


2 A  ■ 


(4) 
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From  (4)  it  follows  that  the  lower  the  resistance  of  the  thermo¬ 
element,  the  higher  the  heat  quantity  ,  which  may  be  absorbed  on 

the  cold  junction,  i.e.,  the  higher  the  refrigeration  capacity.  From 
this  it  is  possible  to  conclude  that  by  increasing  the  section  or  by 
decreasing  the  length  of  the  arms  of  the  thermoelement,  it  would  be 
possible  to  obtain  lower  temperatures.  In  fact,  this  is  not  exactly 
right,  since  an  increase  in  heat  conductivity  in  the  thermoelement  is 
accompanied  by  a  proportional  heat  flux  increase  in  the  arms.  Calcula¬ 
tion  reveals  that  the  optimum  current  and  refrigeration  capacity  depends 
on  the  geometric  dimensions  of  the  thermoelement,  or  more  exactly  on  the 
ratio  of  the  section  of  the  arms  to  the  length;  the  maximum  temperature 
reduction,  as  will  be  apparent  from  further  discussion,  as  a  whole  is 
determined  by  the  Peltier  coefficient,  by  the  specific  heat  conductivity 
and  by  the  electrical  conductivity  of  the  arms  of  the  thermoelement. 


Thus  it  follows  from  formula  (4) ,  that  the  quantity  of  heat  absorbed 
at  the  cold  junction  of  the  thermoelement,  or,  as  it  is  convenient  to 
term  it,  the  refrigerating  capacity,  is  inversely  proportional  to  the 
resistance  of  the  thermoelement  arms. 


We  shall  determine  the  conditions  under  which  the  thermoelement 
creates  a  maximum  temperature  reduction. 

Heat  absorbed  at  the  cold  junction  of  the  thermoelement  which  is  in 
a  steady-state  condition  must  be  equal  to  the  heat  load,  which  is  made 
up,  as  has  been  pointed  out  earlier,  of  the  heat  flux  from  the  hot  junc¬ 
tion  of  the  thermoelement  as  a  result  of  heat  conductivity  Qx  of  the  semi¬ 
conductors  and  heat  flux  Qq  on  the  cold  junction  from  the  surrounding 
medium,  i.e.. 


Q=Q>JrQr 


In  order  to  simplify  the  reasoning  involved,  we  shall  consider  that 
the  cold  junction  of  the  thermoelement  is  thermally  isolated,  i.e., 
that  Qq  =  0.  Then, 

Q =<?.=*  (V- rj 

or. 
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where 


Then,  substituting  these  symbols  in  (8),  we  obtain 


(rfc=ru=i:r». 


(9) 


liquation  (8)  reveals  that  the  maximum  temperature  reduction  is 
determined  by  the  parameters  a,  p  and  x  of  the  materials  of  the  thermo¬ 
element  arms,  by  the  temperature  T  of  the  cold  junction  and  by  the 
ratio  of  the  section  m  of  the  arms;  simple  calculations  show  that 
quantity  z  reaches  a  maximum  value  for  the  definite  ratio  of  the  arms: 


(10) 


Mere, 


in.-*1!—!*. 

'  *]r»  t'H1!  J 


(11) 


From  (S>)  we  may  obtain  the  temperature  of  the  cold  junction  in  the 

form 


\  i  —  zry  - 1 

2 


(id) 


Figure  3  shows  the  dependence  of  the  temperature  difference  (T  *1), 

which  is  provided  by  the  thermoelement,  on  value  z  of  the  substances 
utilized.  The  importance  of  this  search  for  new  thermoelectric  materials 
with  higher  values  of  z  is  readily  apparent  from  the  movement  of  the  curve. 


Figure  3-  The  Dependence  ot  Maximum  Temperature 
Difference  (T  — T ) ,  Furnished  by  the  Thermoelement, 


on  Value  z. 
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Section  2.  The  Coefficient  of  Performance 


During  our  examination  of  conditions  in  which  the  thermoelement 
provided  for  a  maximum  temperature  difference,  the  assumption  was  made 
that  the  heat  load  on  the  cold  junction  from  the  surrounding  medium 

was  lacking.  However,  under  actual  conditions  a  heat  transfer  occurs 
between  the  cold  junction  of  the  thermopile  and  the  surrounding  medium, 
the  value  of  which  is  determined  by  the  purpose  and  design  of  the  thermal 
cooling  device.  In  some  cases,  the  heat  load  on  the  thermopile  is  fur¬ 
nished  by  those  objects  which  must  be  reduced  in  temperature.  In  other 
words,  the  thermoelectric  pile  must  carry  off  a  certain  quantity  of  heat 
Qq,  which  enters  its  cold  junctions, 

In  this  case,  the  most  important  parameter  which  characterizes  the 
effectiveness  of  the  operation  of  the  thermal  cooling  device  is  the 
coefficient  of  performance  l,  which  is  determined  by  the  ratio  of  the 
quantity  of  heat  drawn  off  per  unit  time  by  the  thermopile  to  the 
electrical  energy  W  expended: 


With  the  presence  of  additional  heat  flux  Qq,  which  appears  at  the 

cold  junctions,  equilibrium  occurs  at  temperature  T,  at  which  the  full 
quantity  of  heat  arriving  at  the  cold  junction,  i.e.  the  sum  of  Q^,  the 

Joule  heat  and  the  heat  flux  occurring  as  a  result  of  heat  conductivity 
along  the  arms  of  the  thermoelement  balance  the  Peltier  heat  absorbed 
at  the  junction.  Therefore,  the  conditions  of  equality  may  be  written 
in  the  following  form: 

QPe  1  =  («,  —  «J77  =  1  PR  -f  *  [r.  -  T)  -I-  Q„ 


From  which 

<?>=(•:  ~  «-J  Tl  - 1  I'll  -  x(T%  -  T). 


(14) 1 


1  The  Thompson  effect  may  be  disregarded  if  the  difference  U]  - 

T  -  T  . 

an  average  value  at  temperature  T  =  _0 _ 

2 
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The  power  W,  which  is  required  by  the  thermoelement  is  made  up  of 


two  parts:  the  Joule  heat  I  R  and  the  power  expended  in  overcoming  the 
thermoelcctromotive  forces  generated  in  the  thermoelement  as  a  result 
of  the  Seebeck  effect  and  opposite  in  polarity  to  the  voltage  supply  to 
the  thermoelement  and  are  equal  to 


i.e. , 


ir = pr  -i-  (e,  —  ■*)  (r,  —  d  /. 


(15) 


Substituting  the  value  and  W  (13),  we  have 

w,  —  —  rj  fl6s 

,= — — • 

In  this  manner  the  coefficient  of  performance  depends  on  the  value 
of  the  current  feeding  the  thermoelement. 

It  can  be  shown  that  the  maximum  value  of  the  coefficient  of  per¬ 
formance  is  obtained  when  the  current  is 

r _ 

(17) 


and  the  corresponding  voltage  drop  equals 


j- __  —  tjiir.  —  n* i -o.oiir,- T) 

' f)-l  -  (16) 


In  this  connection, 


(19) 
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It  is  important  to  note  that  the  coefficient  of  performance  depends 
on  temperature  difference  T  -  T,  which  is  created  by  the  thermoelectric 

battery  and  by  value  z,  which  characterizes  the  properties  of  the  semi¬ 
conductor  substances  utilized.  With  low  temperature  differences  the 
coefficient  of  performance  has  a  high  value  and  when  (T^  -  T)  -*■  0 

approaches  infinity,  and  vice  versa,  with  significant  temperature 
differences  the  coefficient  of  performance  approaches  0. 

In  many  cases  maximum  refrigeiaring  capacity  is  demanded  from 

thermoelectric  cooling  devices,  sometimes  even  to  the  detriment  of  economy. 

The  maximum  refrigerating  capacity  of  the  thermopile,  in  agreement 
with  (3)  is  achieved  when  the  current  is 

i  _  <«.  -  *.)  r 

- M 


and  the  voltage  is 


^  —  latiR  ~r  (*i  •«)  (7*# —  T)  —  (*j  — 


and,  in  agreement  with  (4),  equals 


n  r.» 

Vrul  —  2R 


(20) 


In  a  state  involving  the  maximum  coefficient  of  performance,  the 
temperature  difference  which  is  created  by  the  thermopile  and  in  the 
presence  of  a  heat  load  will  equal 


0* 


(21) 


Section  3-  Multi-Stage  Thermopiles 

As  we  have  pointed  out  earlier,  a  temperature  difference  is  created 
between  the  cold  and  hot  junctions  of  the  thermoelement  under  the  influ¬ 
ence  of  a  constant  current.  It  is  apparent  that  the  temperature  on  the 
cold  junction  will  depend  on  the  temperature  of  the  hot  junctions.  By 
lowering  the  temperature  of  the  hot  junctions  by  one  method  or  another, 
we  may  achieve  a  lower  temperature  on  the  cold  junction.  One  possible 
method  of  solving  this  problem  is  by  using  multi-stage  thermopiles. 


13 


N 


We  shall  examine  as  an  example  a  principle  construction  involving 
a  three-stage  pile.  The  hot  junctions  of  the  upper  stage  of  the  thermo¬ 
element  rest  on  the  cold  junctions  of  the  thermoelements  of  the  secoml 
stage.  The  hot  junctions  of  the  thermoelements  of  the  second  stage  rest 
on  t he  cold  junction  of  the  first  stage.  The  thinnest  possible  electri¬ 
cally-insulated  washers  are  placed  between  the  thermoelements,  livery 
thermoelement  forms  an  independent  electrical  circuit.  With  this 
arrangement,  the  cold  junction  of  the  lower  thermoelement  accepts  heat 
from  the  hot  junction  of  the  middle  element,  and  the  cold  junction  of 
the  middle  thermoelement  cools  the  hot  junction  of  the  upper  thermo¬ 
element.  Here  the  refrigerating  capacity  of  each  stage  must  be  able  to 
provide  an  effective  heat  takeoff  from  the  overlying  stages. 

One  of  the  basic  parameters  of  a  multi-stage  thermoelement--the 
coefficient  of  performance--is  determined  in  the  following  manner. 

Let  Qj  represent  the  refrigerating  capacity  of  the  first  stage,  i  j  the 

coefficient  of  performance,  and  W.  tlu*  required  power  from  the  source. 

Corresponding  values  for  the  second  stage  are  designated  by  0,,  t  , ,  and 

W,,  etc.  Then,  in  agreement  with  (13),  the  power  required  for  the  first 

stage  will  equal 


The  second  stage  mast  have  the  refrigerating  capacity 

&  =  <?, +  "’i  =<?.(»  +  -)• 

and  for  the  third  stage 

Q,  =  Q,  +  m,  =  q,  (i  +  i)  =  <?,  (i  +  i)  (i  +  i) 


(22) 


and  for  n  ♦  1  stage, 


But  e 
the rmopi le 


(n) 

W 


is  made  up  of  two  parts--the  power  required  by  the  entire 
W  ♦  W  *  . . .  ♦  W^,  and  its  refrigerating  capacity  : 


Q„  =  W+Ql  =  Ql!i+^t 


(23) 
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where  t.  ^  is  the  coefficient  of  performance  of  the  entire  pile  as  a 
whole.  A  comparison  of  (22)  and  (23)  gives  us  an  equation  for  the 
coefficient  of  performance  of  the  mul t i -thermopi le : 


The  coefficients  of  performance  •  .  of  the  last  stages  may  be  differ* 

cut ,  since  the  effectiveness  :  of  the  thermoelement,  generally  speaking, 
depends  on  temperatures;  in  aJdition,  the  temperature  drops  at  the  var¬ 
ious  stages  may  also  differ  from  each  other;  a  steady-state  condition  is 
achieved  for  such  a  temperature  difference  at  each  stage  when  its 
refrigerating  capacity  becomes  equal  to  the  quantity  of  heat  passing 
to  the  stage  from  the  preceding  stage. 

An  analysis  of  oqv  •. T  on  (25),  however,  reveals  that  with  a  given 
number  of  stages  (n)  and  a  temperature  differential  for  the  entire 
thermopi le 

Ar  =  Ar14-Ar,-f-...-fir. 


The  coefficient  of  performance  of  the  entire  thermopile  (>  ^)  achieves 
a  maximum,  if 

'.  =  *1=  ».  =  «,.  (26) 

The  coefficient  of  performance  of  the  i-th  stage  is  determined 

by  the  temperature  differential  AIT  at  this  stage,  but  the  temperature 

differential  at  a  given  (with  a  preceding  stage)  refrigerating  capacity 
is  determined  by  the  dimensions  of  a  given  thermopile;  they  must,  there¬ 
fore,  bo  chosen  in  order  to  fulfill  the  conditions  (2o).  Mere  the  con¬ 
ditions  are 


t 


{ 


(27) 


IS 


(28) 


In  particular,  for  a  two-stage  pile,  (.27)  gives: 


figure  4  shows  the  dependence  of  the  coefficient  of  performance  on 
the  temperature  difference  for  a  one-  and  two-stage  pile. 


t,Bh 


Figure  k .  The  Dependence  of  Coefficient  of 
Performance  (e }  on  Temperature  Difference 
(Tq  -  T)  for  Single-Stage  (I)  and  Two-Stage  (2) 

Thermoe 1 ements . 

It  is  apparent  from  the  graph  that  the  superiority  of  the  two-stage 
thermoelement  in  comparison  to  the  single-stage  element  is  particularly 
noticeable  with  small  values  of  c.  However,  when  it  is  desired  to  obtain 
the  maximum  temperature  reduction  without  considering  thermoelement  power 
requirements,  it  is  possible  to  utilize  two-stage  and  rarely  three-stage 
thermoelements.  Hie  employment  of  thermoelements  with  a  number  of  stages 
higher  than  three  is  considered  to  be  impractical,  since  the  refrigeration 
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capacity  of  the  third  stage  would  already  be  so  low  that  the  utilization 
of  such  a  thermoelement  under  actual  conditions  would  not  be  possible. 

In  addition,  it  is  necessary  to  keep  in  mind  that  due  to  the  temperature 
dependence  z,  the  temperature  differential  created  by  the  separated 
states  decreases  in  proportion  to  the  square  of  of  the  increase  in  the 
quantity  of  stages. 

If  we  add  to  this  the  fact  that  the  creation  of  three-stage  thermo¬ 
elements  is  connected  with  significant  design  difficulties  then  it  becomes 
clear  why  thermoelements  consisting  of  less  than  three  stages  are  widely 
employed . 


Chapter  II,  Materials  for  Thermoelements 

Section  1.  The  Conditions  of  Maximum  Thermoelement  Effectiveness 

The  parameters  of  the  matter  determining  the  quantity  z,  such  as 
the  thermoelectromotive  force  coefficient  a,  specific  electrical  con¬ 
ductive  o  and  specific  heat  conductivity  k  are  functions  of  the  con¬ 
centrations  of  free  electrons  Cor  holes).  This  dependence  is  represented 
qualitatively  in  figure  5.  Electrical  conductivity  is  proportional  to 
n;  the  thermoelectromotive  force,  on  the  other  hand,  approaches  0  with 
an  increase  in  the  number  of  carriers.  Heat  conductivity  is  made  up  of 
two  parts:  the  heat  conductivity  *cr  of  the  crystal  lattice  and  electron 

he3t  conductivity  k  ,,  therefore,  <  =  r.  *  <  ,  .  In  a  first  approximation, 
el  cr  e 1 

lattice  conductivity  does  not  depend  on  n,  but  is  proportional  to  n. 


conductors 

Figure  5.  Qualitative  Dependent  of  Electrical 
Conductivity  (o)  Thecmoelectromoti ve  Force 
Coefficient  (a)  and  a^o  on  the  Value  of 
Carrier  Concentration  (n) . 
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In  metals  and  metallic  alloys  the  value  :  is  very  small  as  a  result 
of  a  low  thermoelectromotive  force  coefficient,  and  in  dielectrics  it 
approaches  0  due  to  insignificantly  small  electrical  conductivity1; 
in  the  area  of  semiconductors  the  carrier  concentrations  z  reach  a  maxi¬ 
mum  value.  These  qualitative  considerations  permit  us  to  understand 
why  the  effectiveness  of  metallic  thermocouples  is  very  low;  this  also 
explains  why  thermoelectric  generators  and  refrigerators  up  until  recent 
times  found  no  widespread  application  in  technology.  If  we  employ  semi¬ 
conductors  (or  more  exactly  semimetals)  (see  below)  as  materials  for 
the  arms  of  thermocouples  and  select  among  these  in  a  corresponding 
fashion  a  concentration  of  electrons  (or  holes,  if  we  are  dealing  with 
a  positive  arm),  we  may  increase  the  effectiveness  of  thermoelements  by 
ten  times. 

In  order  to  establish  a  quantitative  formulation  of  these  consider¬ 
ations,  we  must  employ  equations  for  the  thermoelectromotivo  force 
coefficient,  for  electrical  conductivity  and  heat  conductivity  and  place 
these  in  an  equation  for  z  and  for  the  extreme  condition 


to  find  the  optimum  carrier  concentration  (electrons  or  holes)  nQ,  at 
which  z  attains  a  maximum. 

We  must  obtain  a  solution  in  analytical  form,  and  for  this  purpose 
we  shall  make  two  assumptions,  which,  will  simplify  solving  the  problem. 

1.  It  is  apparent  from  figure  5  that  the  maximum  numerical  express- 
sion  for  z  lies  in  the  area  of  carrier  concentration  of  the  order 
jq  -5 

of  10  cm  i.e.,  it  is  approximately  1,000  times  less  than  the 
concentration  of  free  electrons  in  metals.  That  part  of  the  electron 
conductivity  which  refers  to  the  thcrmoconduct ivity  of  the  crystal 
lattice  under  these  conditions  (usually)  is  no  longer  very  great 
(whereas  in  metals  ic  plays  a  predominant  role);  therefore,  in  a 

first,  approximation,  we  may  replace  in  the  equation  for  z  the  full 

heat  conductivity  (k  =  k  +  k  ,)  with  the  heat  conductivity  >: 

cr  el  cr 

of  the  crystal  lattice; 


and  assuming  that  does  not  depend  on  n,  to  find  the  maximum  a"o 

(as  a  function  of  n) ,  and  not  The  assumption  that  the  heat  con¬ 
ductivity  of  the  lattice  does  not  depend  on  the  concentration  of  fr.*e 
carriers  is,  generally  spesVing,  not  very  firm;  in  the  first  plac.*,  a 
change  in  the  concentration  of  carrier  (at  a  given  temperature!  always 
demands  the  introduction  of  impurities,  and  the  latter  cause  additional 
scattering  of  phonons  and  reduce  the  heat  conductivity  of  the  lattice; 
secondly,  the  phonons  scatter  directly  to  the  free  electrons  and  holes; 
for  this  reason  the  heat  conductivity  of  the  crystal  lattice  of  metals 
is  significantly  low.  However,  with  carrier  concentrations  of  the 
10  -T, 

order  of  10  'em  '  ,  both  these  factors  play  a  minor  role,  and  we  may, 

therefore  consider  >-  independent  of  n. 
cr 

2.  Let  us  assume  further  that  with  a  carrier  concentration  correspond- 

■a 

to  maximum  value  .iwo,  they  (the  carriers)  are  in  a  nondegenerate  state, 
and  therefore  classical  statistics  are  applicable  to  them.  In  this 
case,  the  fermi  distribution  function  is  replaced  by  the  Maxwell  dis¬ 
tribution  function 

(29) 

In  the  equations  for  the  thermoelectromotive  force,  for  the  carrier 
concentration,  electrical  conductivity  and  heat  conductivity  are  con¬ 
siderably  simplified:  u* ,  a,  o  and  may  he  expressed  in  the  obvious 
form  functions  of  n: 


2  (2rjnkf)V 


t  <r  -r 2  -  s1*)  =  ±  i[r  + 2 + 2Jn£r£l]. 


a  =  enU , 


*«  =  (»-  +2)  (|)*  Tz  =  ATo, 


Tiere  u*  =  -fj-  '5  a  so-called  reduced  chemical  potential. 
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where 


'!  =  £*  =  (7)’ ('■-fo¬ 
under  these  conditions,  the  problem  of  finding  the  optimum  carrier 
concentration  and  the  maximum  value  a"o  corresponding  to  it  may  be 
solved  in  a  comparatively  simple  manner. 

In  the  following  discussions  we  shall  make  the  assumption  that  the 
electron  mobility  does  not  depend  on  n,  which  strictly  speaking,  is  not 
completely  correct,  since:  1)  with  an  increase  in  n,  the  number  of  ion¬ 
ized  donors  simultaneously  increases,  and  they  are  supplementary  sources 
for  electron  scattering;  2)  at  large  electron  concentrations  an  increase 
in  n  (as  a  result  of  degeneration)  results  in  an  increase  in  electron 

energy  which  also  influences  U  (since  U  is  an  energy  function  U  = 

However,  for  a  qualitative  analysis,  which  is  the  purpose  of  our  calcu¬ 
lations,  we  may  for  the  time  being  disregard  these  dependencies  (the 
question  of  degeneration  will  be  examined  below). 


In  agreement  with  (31)  and  (32), 

,.,-e[,+2+to!Jts£fc T-* 


The  condition  -2 — 1=0  gives  optimum  carrier  concentration  n 

on  or 

which  corresponds  to  electrical  conductivity  o^, 

2  (2rjnkTfl.  .  -  ,, 

nQ  —  '  ( 34 ) 


and  optimum  thermoelectromotive  force 


,  =  2—  =  172 


(35) 


and  here  the  equation  for  maximum  value  a^o  assumes  the  following  form 

rw 


(36) 
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and  correspondingly  the  maximum  value  z  has  the  form 


^  i.: 


10 7  — 1 


S  ™«  V  ’ 


(37) 


_  1  Q 

where  m^  is  the  mass  of  the  free  electron,  equal  to  9  •  10  g,  and 
Ty  =  300°  K. 

!t  is  apparent  from  (34),  that  the  optimum  carrier  concentration 
depends  on  a  series  of  factors:  the  effective  mass  m, temperature  T  and 
maximum  scattering  r^. 


The  optimum  thermoelectromotive  force  (a),  in  agreement  with  (3S), 
remains  a  constant  for  all  substances  and  under  all  conditions.  Therefore 
in  the  selection  of  the  required  carrier  concentration,  it  is  convenient 
to  direct  our  attention  to  the  value  of  the  thermoelectromotive  force, 
since  its  measurement  is  considerably  simpler  then  measurement  of  the 
free  electron  concentration. 


In  agreement  with  (.34),  the  optimum  carrier  concentration  at  which 
z  achieves  a  maximum  value  is  a  function  of  temperature;  therefore,  the 
carrier  concentration  must  be  selected  in  agreement  with  the  operating 
temperature  range.  From  this  point  of  view  the  most  advantageous  mater¬ 
ial  for  the  construction  of  thermocouples  would  be  a  substance  in  which 
the  electron  concentration  changed  with  temperature  in  accordance  with 
the  principle  n^  -  T  and  thus  the  optimum  condition  (34)  would  be 

satisfied  in  the  entire  operating  temperature  range  of  the  thermocouple 
for  any  differential  segment  of  its  arm.  Unfortunately,  such  substances 
do  not  exist  in  nature.  In  ordinary  similar  conductors  in  the  region  of 
impuritv  conductivity,  the  carrier  concentration  increases  exponentially 


inaccordance  with  the  law 
of  the  impurity  levels,  i.e 
requires . 


n  ~~  c  ,  where  Lt  is  the  activation  energy 
*  it  is  much  more  rapid  than  condition  (34) 


Fortunately,  to  some  extent  nature  does  help  us.  The  fact  is  that 
the  activation  energy  (Ac^)  of  the  impurities  is  not  a  constant,  but  as 

a  general  rule  decreases  with  concentration  N  and  usually  when 


r  is  a  value  which  reflects  the  nature  of  current  carrier  scatter:  for 
atomic  lattices  r  =  0,  for  ion  lattices  r  =  1_  to  1 ,  and  for  scattering  on 
impurity  atoms,  r  =  2. 
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N  -  iO  —  10  is  reduced  to  0.  In  this  connection  a  semiconductor 
is  transformed  into  a  so-called  semimetal:  oven  close  to  absolute  0  all 
impurities  are  ionized,  and  the  carrier  concentrations  remain  constant 
In  *  N)  down  to  the  temperature  at  which  characteristic  conduction  begins 
to  appear. 

Ihus,  if  we  employ  semimetals  with  a  sufficiently  broad  forbidden 
zone  as  materials  for  the  arms  of  a  thermocouple,  then  we  may  consider 
that  the  carrier  concentration  remains  constant.  In  this  connection, 
the  condition  134)  is  not  strictly  fulfilled  for  the  whole  extent  of  the 
arm  of  the  thermoe lement  and  this  leads  to  a  certain  reduction  in  effec¬ 
tiveness.  However,  since  the  temperature  differential  on  the  cooling 
thermocouple,  as  a  rule,  does  not  exceed  several  dozen  degrees,  the 
deviation  from  (.34)  and  the  corresponding  losses  in  effectiveness  usually 
do  not  exceed  10-20*.  In  this  connection  multi-stage  piles  acquire  still 
another  advantage:  if  the  total  operating  drop  is  divided  into  small 
temperature  differentials,  then  in  each  stage,  the  condition  (34)  may  be 
satisfied  in  better  agreement  with  the  corresponding  choice  of  impurity 
concentrations.  This  condition  could  also  be  fully  fulfilled  if  a  con¬ 
tinuous  change  in  the  concentration  of  the  impurities  along  the  arms  of 
the  thermocouple  were  provided;  however,  this  presents  a  great  deal  of 
technical  difficulty,  which,  even  up  to  the  present  time  has  not  yet  been 
overcome . 

in  agreement  with  (37),  thermocouple  (z)  effectiveness  is  proportional 
to  the  ratio  of  carrier  mobility  to  crystal  lattice  heat  conductivity; 
z  has  a  maximum  value  with  a  certain  carrier  concentration.  Thus,  the 
analysis  cited  above  reveals  that  the  development  of  materials  for  the 
arms  of  thermoelements  is  reduced  to  the  solution  to  the  solution  of  the 
following  basic  problems: 

1)  the  search  for  materials  with  a  maximum  ratio  of  carrier  mobility 
to  crystal  lattice  heat  conductivity; 

2)  the  creation  in  these  substances  of  a  carrier  concentration 
corresponding  to  (34). 

Section  2.  The  Choice  of  Materials  for  the  Arms  of  Thermoelements 

The  means  of  discovering  materials  with  optimum  properties,  i.e., 
with  a  maximum  ratio  of  carrier  mobility  to  the  crystal  lattice  heat 
conductivity,  to  a  certain  extent  remains  unclear,  even  at  the  present 
time.  This  is  partly  explained  by  a  lack  of  experimental  data,  and 
partly  by  the  lack  of  developed  theory  which  might  have  predicted  the 
substances  in  which  a  high  degree  of  mobility  of  electrical  carriers 
might  be  found. 
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However,  contemporary  electron  solid-state  theory  still  gives  us 
certain  indications  in  this  regard,  which  wc  will  attempt  to  set  forth 
here . 


As  is  known,  electrons  in  their  movement  in  an  ideal  periodic  field 
experience  no  collisions.  Such  a  field  must  exist  in  an  ideal  (i.c.,  having 
no  structural  defects)  crystal  at  a  temperature  of  absolute  0;  in  such 
a  crystal  electron  mobility  and  tide  mobility  would  be  infinite.  In 
existing  crystals  and  in  temperatures  differing  from  absolute  0,  the 
electrons  are  scattered  by  heat  fluctuations  and  lattice  defects;  these 
scattering  effects  limit  the  length  of  the  free  path  of  the  electrons 
and  their  mobility.  Kc  shall  now  digress  from  the  existancc  of  defects, 
since  to  a  certain  degree  we  may  decrease  their  number,  and  therefore 
their  influence  on  mobility  by  a  corresponding  choice  in  the  technology 
of  the  preparation  of  materials1  (the  cleaning  of  initial  materials, 
the  growth  of  single  crystals,  annealing,  etc.),  and  we  shall  examine 
a  scattering  of  the  carriers  in  lattice  heat  fluctuations. 

In  this  connection,  wc  must  keep  in  mind  that  the  electron  scattering 
is  not  caused  by  thermofluctuations  of  the  atoms  themselves,  but  is  due 
to  their  periodic  potential  breakdown.  The  more  strongly  the  relief  of 
the  periodic  potential  is  expressed,  the  stronger  will  be  local  fields 
generated  us  a  result  of  heat  fluctuations.  Therefore,  carrier  mobil¬ 
ity,  as  a  rule,  is  low  in  ion  crystals,  in  which  potential  relief  is 
expressed  most  forcefully.  Un  the  other  hand,  in  crystals  with  a 
covalent  bond  (in  which  there  is  no  interchange  of  positively  and 
negatively  charged  ions),  carrier  mobility  is  significantly  higher. 

Among  the  latter  type  are  the  crystals  of  elementary  semi  conductors - - 
silicon,  germanium,  gray  tin  in  a  series  of  intermetal  1 ic  compounds-- 
InSb,  (laSb,  AlSb,  InSb,  CdSb ,  etc. 

We  must  note  here  that  a  sharp  line  does  not  exist  between  the 
covalent  and  ionic  compounds.  In  fact,  let  us  imagine  that  one  of  the 
atoms  forming  a  binary  compound  gave  up  a  certain  quantity  of 
electrons  to  the  second  atom  and  in  this  matter  an  ion  molecule  was 
formed.  Rut,  here  the  electron  cloud  of  the  negative  ion  will  be  deformed 
under  the  influence  of  the  positive  field  and  its  center  of  gravity  will 
be  displaced  in  the  direction  of  the  latter.  If  the  polarizability  of 
the  negative  ion  is  high  and  the  cloud  is  deformed  sufficiently  far  to 
capture  a  positive  ion  with  its  edge,  the  bond  will  have  a  partially 
covalent  character. 


3  This,  bv  the  way,  does  not  refer  to  those  defects  which  unavoidably 
arise  when  we  introduce  into  the  substance  a  certain  quantity  of  donors 
or  acceptors  required  to  provide  an  optimum  concentration  of  carriers. 
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In  the  same  way,  if  one  of  the  elements  forming  a  covalent  com¬ 
pound  has  an  electron  affinity  greater  than  the  second,  then  the  center 
of  gravity  of  the  electron  cloud  which  forms  the  covalent  bond  will  be 
displaced  toward  the  direction  of  the  first  element  and  the  compound 
will  be  partially  ionic. 

A  whole  series  of  chalcogenides  of  metals  of  the  fourth  and 
fifth  groups  belong  to  this  type  of  compound  with  an  "almost"  covalent 
bond  (PbS,  PbSe,  PbTe,  Bi,Tej,  Sb  ,Te^ ,  Bi,SCj);  in  these  compounds 

carrier  mobility  also  achieves  rather  high  values. 

A  comparison  of  carrier  mobi 1 ity  in  a  series  of  isomorphic  crystals, 
for  example  PbS,  PbSe,  PbTe,  reveal  that  here  also  a  definite  relation¬ 
ship  is  observed,  namely  that  the  mobility  of  both  electrons  and  holes 
increasos  from  lead  sulfide  to  lead  telluride,  i.e.,  with  the  replace¬ 
ment  of  one  of  the  components  of  the  compound  with  its  heavier  analog. 

In  this  case  it  might  be  possible  to  think  that  the  reason  for  the 
mobility  increase  was  the  decrease  in  the  ionicity  of  the  compound, 
since  the  electron  affinity  of  tellurium  is  considerably  less  than  that 
of  sulfur. 

But  in  fact,  a  decrease  in  ionicity  only  partly  explains  the  rela¬ 
tionship  indicated  above,  since  it  is  also  observed  in  diamonds,  silicon, 
germanium  and  gray  tin,  in  which  naturally  there  can  be  no  consideration 
for  ionicity. 

A  second  reason  for  the  increase  in  mobility  during  the  passage  to 
a  heavier  element  is  the  fact  that  the  polarizability  of  atoms  (and  ions) 
which  are  in  the  same  sub-group  of  the  periodic  system,  increases  with 
an  increase  in  their  periodic  number  (i.e.,  with  an  increase  in  the 
dimensions  of  the  electron  shell  of  the  atom  and  the  number  of  electrons 
included  within  it).  The  heavier  atoms  are  more  strongly  polarized 
under  the  influence  of  electrical  fields  (therefore  the  dielectric  con¬ 
stant  of  germanium  is  approximately  four  times  greater  than  for  a  diamond). 
But  this  pertains  not  only  to  external  fields,  but  also  to  the  inherent 
periodic  field  of  the  crystal;  the  electron  clouds  of  the  heavier  atoms 
are  to  a  large  extent  deformed  under  its  influence,  and  in  this  manner 
the  change  in  the  periodic  potential  in  the  crystal  is  flattened  out. 

The  heavier  the  3toms  forming  the  covalent  crystal,  the  less  directed 
and  more  diffused  is  the  character  of  the  covalent  bonds,  and  the  less 
positively  expressed  the  potential  relief  in  the  direction  perpendicular 
to  the  bond.  It  may  be  said  that  during  the  transition  to  the  heavier 
atoms,  "metallization"  of  the  covalent  bonds  gradually  occurs. 
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Free  electrons  in  metals  are  also  not  distributed  uniformly 
throughout  the  volume  of  the  crystal,  hut  move  principally  along 
"bridges"  which,  connect  neighboring  atoms.  Therefore,  between  the 
metallic  and  covalent  bond  there  is  no  sharp  line,  as  there  is  between 
the  covalent  and  ionic.  However,  a  fundamental  difference  in  ionic  and 
covalent  crystals,  on  the  one  hand,  and  metallic  ones,  on  the  other,  con¬ 
sists  of  the  fact  that  in  the  latter  case  we  are  dealing  with  unfilled 
electron  shells;  therefore,  electrons  in  metal  may  freely  "jump"  from 
one  bridge  to  another  and  change  the  direction  of  their  movement  under 
the  influence  of  an  electrical  field;  this,  roughly  speaking,  facilitates 
metallic  conductivity.  Another  difference  between  the  covalent  crystals 
and  metals  is  the  small  coordination  number  (i.e.  the  number  of  close 
neighbors  of  the  atom).  In  covalent  crystals,  this  fluctuates  from  two 
to  four,  and  in  metals  from  six  to  twelve. 

In  summing  up  what  has  been  said  above,  it  may  be  stated  that  high 
mobility  values  may  be  expected  in  covalent  or  "almost  covalent"  crystals, 
consisting  of  heavy  atoms. 

Let  us  explain  now  to  what  extent  :  depends  on  the  effective  mass 
of  the  carriers.  The  effective  mass  enters  into  the  equation  for  z  (37) 

•>/  •> 

first,  obviously:  z  -  m“  as  a  result  of  the  dependence  of  the  thermo¬ 
electromotive  force  on  m  (see  equation  (31)),  and  secondly,  indirectly, 
since  the  mobility  of  the  carriers  also  depend  on  their  effective  mass. 

-3/2 

In  agreement  with  the  theory,  in  crystals  with  an  ionic  bond,  U  -  m 
z,  therefore,  do  not  depend  on  effective  mass.  More  importantly,  in  the 

-3/2 

case  of  covalent  crystals  U  '  m  and  z,  in  agreement  in  (37),  is 
inversely  proportional  to  the  effective  mass. 

This  is  about  all  that  can  be  said  at  the  present  time  concerning  the 
choice  of  materials  with  a  high  degree  of  mobility.  Even  the  qualitative 
conclusions  made  above,  for  example,  concerning  the  dependence  of  U  on  m, 
cannot  be  considered  to  be  conclusive,  since  the  theoretical  considerations 
at  their  base  are  not  completely  firm  and  experimental  data  thus  far 
collected  is  too  limited. 

The  situation  concerning  the  search  for  materials  with  a  low  crystal 
lattice  heat  conductivity  is  somewhat  better.  Although  a  complete  theory 
still  does  not  exist  at  the  present  time  which  will  give  us  a  quantitative 
prediction  concerning  the  heat  conductivity  of  crystals,  the  qualitative 
theory  developed  by  academician  A.  K.  Ioffe  permits  us  to  make  the  follow¬ 
ing  conclusions. 
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1.  The  heat  conductivity  of  the  crystal  lattice  is  accomplished 
through  the  distribution  of  elastic  waves  and  is  limited  by  the  scatter¬ 
ing  of  these  waves  a)  against  each  other  and  h)  against  crystal  defect:.. 

.lust  as  in  our  examination  of  mobility,  at  first  we  shall  consider 
that  the  number  of  defects  in  the  crystal  is  relatively  low  and  that  we 
may  disregard  the  scattering  of  heat  waves  by  these  defects. 

If  the  forces  connecting  the  atoms  of  the  crystal  conform  strictly 
to  Hooke's  law,  i.e.  the  force  I-  would  be  directly  proportional  to  the 
displacement  of  the  atom  from  the  position  of  equilibrium  (x) ,  and  the 

potential  energy  II  to  the  square  of  the  displacement:  F  =  -fx,  II  =  2fx‘, 
within  the  oscillations  of  the  atoms  in  the  elastic  waves  would  display 
a  strictly  harmonic  (.sinusoidal)  character.  Such  waves,  in  the  process 
of  their  propagation,  do  not  interact  with  each  other,  and  the  heat 
conductivity  of  such  a  crystal  would  be  infinite.  In  fact,  however, 
atomic  interaction  has  a  more  complex  character;  the  potential  energy 
as  a  function  of  displacement  is  described  by  the  infinite  series: 


and  the  force  is 


=  l38»> 

The  coefficient  g  in  formulas  (38,  38a)  is  called  the  coefficient 
of  anharmonic  oscillations.  The  higher  the  coefficient  g  and  the 
amplitudes  of  oscillation  x,  the  higher  the  value  of  the  second  element 
in  (38),  the  more  the  oscillation  deviates  from  the  simple  harmonic 
rule  and  interact  with  each  other,  the  lower  the  crystal  heat  conduc¬ 
tivity.  In  crystals  with  ionic  bond,  the  anharmonicity  of  the  oscilla¬ 
tions  is  considerably  greater  than  in  covalent  crystals,  therefore,  the 
heat  conductivity  in  the  former  case  is  usually  lower  than  in  the  latter.4 
The  amplitude  of  the  atomic  heat  oscillations  increases  with  an  increase 
in  the  heat  content  of  the  crystal  or,  in  other  words,  with  an  increase 
in  the  number  of  phonons.  The  lower  the  Debye  temperature  of  a  given 


4  Anharmonicity  of  heat  oscillation  aiso  appears  in  heat  expansion 
crystals.  Therefore,  the  value  of  the  coefficient  g  may  be  judged  also 
from  the  linear  coefficient  of  heat  expansion. 
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crystal,  the  higher  its  heat  content  at  a  given  temperature  and  the 
lower  the  heat  conductivity.  But  Debye  temperature  (ti  j  is  linked  with 
t he  mass  (M)  ot'  the  atoms  forming  the  crystal  and  with  the  coefficient  f 
in  the  expansion  (38)  by  the  relationship: 


Therefore,  low  values  of  heat  conductivity  must  be  expected  for 
substances  consisting  of  atoms  which  are  heavy  and  loosely  bonded  to 
each  other.  The  value  of  the  coefficient  f  may  be  determined  from 
the  Young  modulus  or,  more  directly,  from  the  value  from  the  heat  of 
the  formation  of  the  crystal.  In  summarizing  the  foregoing,  it  may  be 
stated  that  the  heat  conductivity  of  the  crystal  is  proportional  to  the 
value  of  the  Yeung  modulus  of  the  substance  forming  the  crystal,  and  is 
inversely  proportional  to  the  atomic  mass  of  the  substance  and  its 
coefficient  of  heat  expansion. 

2.  In  any  semiconductor  substance,  the  ratio  of  carrier  mobility 
to  the  heat  conductivity  of  the  crystal  lattice  may  be  increased  through 
the  introduction  of  neutral  impurities.  These  impurities  increase  the 
effectiveness  of  the  scattering  of  elastic  waves,  which  leads  to  a 
decrease  in  the  heat  conductivity  of  the  crystal.  On  the  other  hand, 
these  neutral  impurities  need  not  exert  any  significant  influence  on 
the  scattering  of  basic  carriers.  Many  isomorphic  compounds  may  serve 
as  neutral  impurities;  they  form  solid  solutions  with  the  basic  substance 
of  the  thermoelement- 

Section  3.  Bismuth  Telluride  as  a  Material  For  Thermoelements 

In  recent  years  the  most  wide-spread  material  for  the  manufacture 
of  thermoelement  arms  has  been  bismuth  telluride  (Bi^Te^)  and  several  of 

its  solid  solutions  with  such  isomorphic  compounds  as  bismuth  selenide 
(Bi^Se^)  and  tellurium  antimonide  (Sb^Te.) .  Bismuth  telluride  may  be 

obtained  in  both  p  and  n  types.  Kith  a  surplus  of  bismuth,  Bi^Te^  of 

the  p-type  is  formed,  and  with  a  surplus  of  tellurium,  Bi^Te^  of  the  n- 

type  is  formed. 
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In  order  to  increase  the  ratio  of  the  mobility  of  basic  carriers 
to  the  heat  conductivity  of  the  crystal  lattice,  solid  solutions  Bi,Te^-- 

Bi-Se,  and  Bi  ,,Te,--Sh.,Te.  are  employed. 

Figure  6  shows  the  dependence  of  the  heat  conductivity  of  the  lattice 
and  electron  mobility  in  a  solid  solution  of  Bi  Te  --Bi,Sc_  of  the  r.-type 

as  a  function  of  Bi^Sej  content,  it  is  apparent  from  the  movement  of  the 
curves,  that  with  an  increase  in  the  content  of  bismuth  selenide  in  a 
solid  solution,  electron  mobility  at  first  decreases  significantly,  and 
then  increases  sharply.  At  the  same  time  the  value  of  tne  heat  conductiv¬ 
ity  of  the  lattice  with  a  composition  of  50%  Bi  ..Te^- -S0%  Bi.Se^  decreases 

by  almost  1.5  timc-s.  Th<'  increase  in  electron  mobility  in  the  given 
case  is  caused  by  the  fact  that  the  effective  mass  of  the  electrons  in 
bismuth  selenide  is  almost  3  times  K-ss  than  in  bismuth  telluride  (figure 
7).  It  is  apparent  from  this  figure  that  an  increase  in  mobility  as  a 
result  of  a  decrease  in  the  effective  mass  does  not  always  favorably 
affe'-t  the  thermoelectric  effectiveness  of  the  material.  This  is 
caused  by  the  fact  that  with  an  increase  in  electron  mobility  and  a 
decrease  in  the  effective  mass,  the  value  of  the  thermoelectromoti vc 
force  coefficient  decreases,  which  in  turn  leads  to  a  decrease  in  the 

value  a^o. 
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Figure  6.  Heat  Conductivity  of  the  Lattice  (tc  )  and 
Carrier  Mobility  (u)  in  a  B i ^Te ^--Bi ^Se^ 

Solid  Solution  as  a  Function  8i.Se.  Content. 


m * 


h,St„% 


Figure  7.  The  Dependence  of  Effective  Mass 

(— - )  and  U,2a)  for  a  Bi Te,--Bi»$e,  Solid 
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Solution  on  B^Se^  Content. 

These  considerations  were  confirmed  for  the  material  for  the 
positive  arm  of  the  thermoelement-p-type  bismuth  telluride.  By 
means  of  replacing  this  with  a  solid  solution  of  Bi^Te^-Sh^Te^, 

z  was  raised  by  more  than  2  times.  However,  the  Bi^Te^-'Sh^Tej 

system  (in  which  either  hole  or  electron  conductivity  may  be  created 
by  a  suitable  choice  of  impurities),  proved  to  be  an  ineffective 
material  for  the  negative  arm  of  the  thermoelement:  its  effectiveness 
in  this  case  proved  to  be  not  only  significantly  lower  than  the  solid 
solutio- ;  indicated  abo’e,  but  also  lower  than  simple  bismuth  telluride. 
A  detailed  study  of  this  question  revealed  that  from  the  standpoint  of 
carrier  mobility  an  important  consideration  was  which  of  the  components 
of  the  compound  was  partially  replaced  by  its  analog;  thus,  in  the 
crystal  lattice  when  a  part  of  the  anions  are  replaced,  the  electron 
mobi’ity  changes  little,  but  hole  mobility  drops  sharply;  on  the  other 
hand,  a  partial  change  of  the  cations  results  in  a  decrease  in  elec¬ 
tron  mobility,  while  hole  mobility  changes  very  little. 

Figure  8  shows  the  dependence  of  electron  and  hole  mobility  in  a 
Bi^Te j--Sb,Tej  solid  solution  on  the  Sb2Te^  content.  In  the  case 

given,  a  change  in  t’nc  Sb^Te^  content  in  a  solid  solution  from  0  to  50%, 

electron  mobility  decreased  by  2  times,  whereas  hole  mobility  increased 
and  showed  a  maximum  corresponding  to  a  composition  of  67%  Bi^Te^  and 

33%  Sb^Te^  This  composition  corresponds  to  the  formation  of  an  ordered 

solid  solution. 
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Figure  8.  Carrier  Mobility  in  a  Bi  ^Te ^-'Sb^Te^  Solid 

Solution  (p  and  n-types)  as  a  Function  of  Sb^Te^ 

Content. 

The  facts  presented  above  permit  us  to  come  to  the  conclusion  that 
in  semiconductors  even  with  weakly  expressed  ion  bonds,  the  basic 
carriers  do  not  move  in  the  entire  volume  of  the  crystal,  but  predomi¬ 
nantly  along  "bridges,"  which  are  formed  between  the  ions.  The  electrons 
move  along  a  sub-lattice,  which  is  formed  by  positively  charged  ions, 
and  the  hole  along  a  sub-lattice,  which  is  formed  of  negatively  charged 
ions.  Therefore,  distortion  of  a  "positive"  lattice  greatly  redures 
electron  mobility,  and  "negative"  distortion  h3S  the  same  effect  on 
hole  mobility.  It  follows  that  in  the  case  when  we  wish  to  reduce  the 
heat  conductivity  of  the  compound  which  is  employed  as  the  material 
for  the  positive  arm  of  the  thermoelement,  while  not  decreasing  the 
hole  mobility,  we  must  partially  replace  the  cations;  in  the  negative 
arm  material,  on  the  other  hand,  we  must  replace  the  anions. 

It  has  been  pointed  out  above  that  in  order  to  provide  an  optimum 
concentration  of  carriers  in  the  thermoelement  material,  we  must  intro¬ 
duce  impurity  atoms  (donors  or  acceptors).  In  bismuth  telluride,  donor 
or  acceptor  action  of  the  impurity  atom  as  a  whole  is  determined  by 
its  valence.  The  elements  of  the  seventh  and  sixth  groups  (including 
a  surplus  of  tellurium  with  respect  to  the  stoichiometric  composition) 


gives  donor  levels,  but  elements  with  a  lower  number  of  electrons 
(including  a  surplus  of  bismuth  with  respect  to  the  stoichiometric 
composition)  are  acceptors.  If  we  compare  the  influence  of  a  given 
impurity  on  the  concentration  of  carriers  in  their  mobility,  then 
we  will  be  able  to  come  to  a  more  or  less  convincing  conclusion  with 
respect  to  how  the  impurity  atoms  are  distributed  in  the  crystal 
latt ice . 

Thus,  for  example,  surplus  bismuth:  1)  furnishes  one  acceptor 
level  per  atom,  2)  significantly  reduces  the  hole  mobility,  3)  exerts 
little  influence  on  electron  mobility.  All  of  these  three  facts 
indicate  that  surplus  bismuth  atoms  partially  replace  tellurium  in  the 
anion  sub-lattice.  For  example,  surplus  tellurium:  1)  furnishes 
one  electron  per  atom,  2)  significantly  reduces  electron  mobility  and 
5)  exerts  little  influence  on  hole  mobility,  i.e.,  judging  from  every¬ 
thing,  is  localized  in  the  cation  sub-lattice.  Surplus  iodine  furnishes 
1.5  electrons  per  atom  and  almost  identically  influences  hole  and 
electron  mobility;  it  may  therefore  he  assumed  that  iodine  atoms  are 
distributed  more  or  less  uniformly  between  both  sub-lattices  and, 
replacing  bismuth,  furnish  two  electrons,  and  in  replacing  tellurium, 
one.  Lead,  apparently,  partially  replaces  bismuth,  since  its  atoms 
are  acceptors  and  sharply  reduce  electron  mobility.  Silver  as  a  donor 
exerts  an  identical  influence  on  hole  and  electron  mobility,  and 
possesses  an  unusually  large  diffusion  capability;  this  testifies  in 
favor  of  the  fact  that  silver  atoms  are  distributed  in  the  areas 
between  the  lattice  points  of  bismuth  telluride. 

In  conclusion,  it  is  necessary  to  remind  ourselves  of  the  dependence 
of  thermoelectric  material  effectiveness  on  temperature. 

In  agreement  with  (37) , 


z 


V 


cr 


Therefore,  temperature  dependence  z  is  determined  by  the  temperature 
dependencies  of  the  mobility  and  the  heat  conductivity  of  the  crystal 
lattice . 

In  the  solid  solutions  Bi^Te^-Bi  _,SeT  and  Bi^Tej'-Sb^Te^,  which  at 

the  present  time  are  the  best  materials  for  thermoelements,  heat  conduc¬ 
tivity  of  the  crystal  lattice  in  a  wide  range  of  temperatures  changes 


,  f 
*  ‘ 
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very  little,  and  carrier  mobility 
usually  inversely  proportional  to 


at  low  temperatures 
temperature  U  -  T  * 


(.T  -  250°  K)  is 
at  high  values  of 


Therefore,  in  the  range  of 
of  high  values  z  -  and  close 


low  temperatures,  i  '> 
to  250°  K  z  achieves 


T, 

the 


in  the  range 
maximum  value. 


It  is  necessary  to  note  that  temperature  movement  considerations 
pertaining  to  U  and  ; ,  cited  above,  hear  a  qualitative  character.  In 
fact,  these  movements  vary  within  rather  wide  limits,  and  depend  on  a 
series  of  factors;  the  arguments  cited  above  concerning  temperature 
dependencies  and  figures  of  merit  must  be  considered  to  be  tentative. 
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CHAPTER  III 


The  Consideration  of  Additional  Factors 


The  basic  relationships  outlined  previously,  which  characterize  the 
operation  of  the  thermoelement,  were  formulated  with  a  series  of  assump¬ 
tions,  which,  however,  do  not  affect  the  qualitative  substance  of  the 
arguments..  For  a  more  exact  analysis  of  the  processes  which  occur  in 
the  thermoelement,  we  must  supplement  the  theory  examined,  while  consider¬ 
ing  a  series  of  factors. 


11.  A  Consideration  of  Electron  Heat  Conductivity 


In  equations  (34)  and  [35),  which  define  the  optimum  carrier  concen¬ 
tration  and  optimum  thermoelectromoti vc  force  value  in  the  value  of  a 
figure  of  merit  z,  the  total  heat  conductivity  was,  for  simplicity, 
replaced  by  the  crystal  lattice  heat  conductivity.  Let  us  now  consider 
the  heat  conductivity  of  electron  gas.  In  agreement  with  (.51)  and  [32), 
the  equation  for  z  assumes  the  form 


where 


F-C 


<  -<  .  e< 

er  cl  cr 


1C  -  In  »)« 

1  —  b*  ’ 


C  =  r  — 2  — In 


2  <;=w*d*'. 

** 


(39) 

(40) 


(39) 


(40) 


1The  author  of  this  chapter  is  L.  S.  Stil’bais  (see  Semiconductors  in 
Science  and  Technology,  Vo).  II,  Chapter  XVII,  AN  USSR  Press,  M.-L.,  1957). 
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and 


4/- 


OT 


(.41) 


The  condition 


^  =t?~  results  in  a  transcendental  equation  for  the 


determination  of  optimum  n,  which  we  have  designated  as  n^ 


Iz  n  =  In  n*  —  2 Bnl 


(4:j 


or 

ln'l4-^ri^)  =  -2  Bnv 
V  1  *#  ) 

(43) 


Since  when  n  -  n^,  Bn^  =  - —  is  usually  less  than  unity,  we  can 

cr 

expand  the  left  side  of  equation  (43)  in  a  scries  and  limit  the  expansion 
by  the  first  term  (the  error  involved  here  will  not  exceed  several  ".)• 
There  fore , 


and 


1'  ~  — 29n. 

n  ~  *> 

—  i  _  zBn,  • 


(44) 


liquation  (43)  may  be  solved  with  accuracy  by  means  of  a  graph .  (  or 

this  purpose  it  is  convenient  to  rewrite,  with  the  use  of  (31),  this  in 
the  following  form: 

r  S 11^1 


Having  plotted  a  in  agreement  with  (31)  and  the  right  side  of 
equation  (45)  as  a  function  of  n,  we  shall  find  n^  as  the  abscissa  of 
the  intersecting  point  of  these  curves. 
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It  is  apparent  that  the  correction  will  be  larger,  the  larger  the 
ratio  of  mobility  to  heat  conductivity  of  the  lattice. 

52.  A  Consideration  of  Thompson  Heat  in  the  Thermoelement  Energy  Balance 

As  we  have  seen  from  (34)  anil  (.35),  the  best  materials  for  semi¬ 
conductor  thermoelements  are  those  in  which  the  thermoc lcctromoti ve 
force  coefficient  is  constant: 


a 


2  -£-=172  jv/deg 


and  the  carrier  concentration  changes  in  accordance  with  the  law 


n~ 


In  the  theory  set  forth  in  Chapters  I  and  11,  ideal  conditions  were 
examined  in  which  the  Thompson  coefficient  is 


t  =  r 


In  practice,  as  we  have  pointed  out  above,  the  materials  employed 
for  thermoelectric  arms  are  ordinary  semimetals,  i.c,,  they  are  materials 
in  which  the  carrier  concentration  is  constant,  and  the  thermoelectro¬ 
motive  force  increases  with  an  increase  in  temperature,  In  this  case 
the  Thompson  coefficient  differs  from  zero  and  is  expressed  in  the  follow¬ 
ing  form: 


T=4-4-=,29uv/dle(i 


(46) 


We  must  now  take  into  consideration  the  influence  of  Thompson  heat 
on  the  heat  balance  of  the  thermoelement.  This  influence  first  of  all 
affects  the  temperature  distribution  along  the  arms  of  the  thermoelement. 
Up  to  this  point  we  have  assumed  that  the  temperature  gradient  along  the 
arms  of  the  thermoelement  is  a  constant  and  that  the  heat  flux  density 
on  the  cold  junction  of  the  thermoelement,  in  agreement  with  this,  is 
expressed  by  the  equation 


Qi  —  X 


(47) 
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The  influence  of  Joule  heat  on  the  temperature  distribution  was 
roughly  considered;  it  was  assumed  that  half  appears  on  the  hot  junction 
of  the  thermoelement  and  half  on  the  cold  junct ion .  In  order  to  obtain 
a  more  exact  solution  to  this  problem,  we  must  find  the  temperature 
distribution  along  the  arm  of  the  thermoelement  well  considering  Joule 
and  Thompson  heat,  and  then  heat  flux  density  in  accordance  with  the 
following  equation: 


Qi=—*XT. 


(48) 


We  shall  direct  the  axis  x  along  the  arm  of  the  thermoelement  and 
combine  the  beginning  of  the  coordinates  with  the  cold  junction  of  the 
thermoelements ;  then  (.48)  assumes  the  following  form: 


Qt  =  * 


(49) 


In  order  to  calculate  Q.j.  in  accordance  with  (49),  we  must  determine 
the  temperature  distribution  along  the  arm  of  the  thermoelement: 


r =/(*)• 


Here,  as  before,  we  shall  not  consider  temperature  dependence  of 
heat  conductivity  and  electrical  conductivity,  replacing  their  true  values 
as  functions  of  temperature  with  average  values  in  the  operating  tempera¬ 
ture  range.  In  a  thermoelectric  generator  both  electrons  and  holes  move 
from  the  hot  junction  to  the  cold;  here  in  the  entire  volume  of  the 
thermoelement  arm,  Thompson  heat  is  released  in  addition  to  the  Joule  heat; 
in  thermoelectric  refrigerators  both  electrons  and  holes  move  in  the 
opposite  direction,  and  therefore  the  Thompson  heat  is  subtracted  from 
the  Joule  heat.  Therefore,  a  steady  state  condition  for  a  unit  of 
volume  of  the  arm  of  the  thermoelement  in  the  case  under  examination 
will  have  the  form 


d *r 


—  + /V=°. 


(50) 


where  j  is  current  density. 
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The  solution  to  the  differential  equation  (SO)  with  boundary 
conditions  (T  =  Tj  when  x  =  0  and  T  =  Tn  when  x  =  l)  has  the  form 


(51) 


where  the  following  designations  are  introduced:  jo  -  w  and  jT  =  w^ . 

Therefore,  in  agreement  with  (49)  and  (SI),  heat  flux  on  the  cold 
junction  is 


(52) 


Expanding  the  exponent  in  equation  (52)  in  a  series  and  limiting  the 
expansion  by  the  first  two  terms,  we  obtain 


-4-1 


(S3) 


Thus  we  have  prored  that  in  fact,  an  this  first  approximation,  half 
of  the  Joule  heat  passes  to  the  cold  junction;  by  means  of  (53)  we  may 
now  consider  the  effect  of  Thompson  heat  on  the  coefficient  of  performance 
t:  of  the  thermoelement.  Equation  (14)  for  the  refrigerating  capacity  of 
the  thermoelement,  taking  into  consideration  (S3),  has  the  following  form: 


(54) 


where  n  -  2c^T  ,  and  is  the  value  of  the  thermoelectromotive  force 
coefficient  at  temperature  T^.  Therefore,  expression  (54)  may  be  re¬ 
written  as  follows: 

Qt^=2iTJ  —  _  (55) 


4 


4 


-37- 


where  the  following  designation  is  introduced 


1 


U'6) 


he  shall  show  that  »  is  equal  to  the  average  value  of  the  thermo- 
electromotive  force  coefficient  in  the  temperature  range  -  I  ^ .  In 

accordance  with  Ihompson's  second  principle, 


(S’) 


substituting  (.57)  in  (30)  ,  wc  obtain 


a  =  i,-L 


i  . 

o  (a0  * 


*l) 


t  +  *• 


Kith  the  same  degree  of  accuracy,  we  mas'  consider  that  the  thermo- 
electromotive  force  is 


r. 

r=J^r.^  nr.-r,). 
•  r. 


Therefore,  equation  (lo)  for  the  coefficient  of  performance  of  the 
thermoelement,  considering  (58)  and  (05)  assumes  the  form 

2s/r,  —  -j-  /}fl  —  »(?■»—  Tj)  (59) 

I=  y  12*  —  ^i)  —  * 

liquation  (59)  has  the  same  form  as  in  (lb),  the  only  difference  being 
that  the  coefficient  a  of  the  thermoc 1 ectromot i ve  force,  which  earlier  we 
considered  to  be  independent  of  temperature,  is  replaced  by  its  average 
value  (.t)  within  the  operating  temperature  range.  Therefore,  while  not 
repeating  the  calculations  which  we  have  completed  earlier,  we  may  now 
write  the  equation  for  the  maximum  coefficient  of  performance  as  follows: 


r,  V  1  ~  7  (r»~7~  ri)s  ~T* 

*~Tl  V)-Tlr‘-r*'i  +  ' 


(60) 
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where 


c' 


it  may  also  be  shown  that  the  temperature  dependence  of  the  electri¬ 
cal  conductivity  and  heat  conductivity  may,  in  the  first  approximation, 
lie  taken  into  consideration  by  replacing  in  the  equation  for  z  the  product 
«  by  its  average  value  in  the  operatin  ',  temperature  range: 


where 


S3-  Deviations  from  Optimum  Conditions 

Previously  we  found  the  ratio  of  the  sections  of  the  thermoelement 
arms  at  which  z  achieves  a  maximum  value;  we  also  determined  the  optimum 
electrical  conductivity,  the  optimum  current,  etc. 

lr.  practice,  by  virtue  of  deviations  from  the  technological  process 
and  which  are  difficult  to  control,  not  one  of  these  conditions  is  fulfilled 
exactly.  Therefore  it  is  important  to  establish  to  what  extent  deviations 
from  optimum  conditions  influence  the  effectiveness  of  the  operation  of 
the  cooling  device. 

Deviations  from  the  Optimum  Ratio  of  the  Arm  Sections 

It  has  been  shown  previously  that  zis  inversely  proportional  to  the 
product  of  the  resistance  to  the  thermoelement  and  the  heat  conductivity: 


where 


161, 

•— !fL=j£ 

»?  ’ 

»=(*»-r  vOfj^  +  h) 

(52) 


> 


4 
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achieves  a  minimum  value  with  a  definite  ratio  of  the  sections  m  of  the 
branches : 


assuming,  for  examp'c,  that  =  i.5  and  m  =  1,  we  obtain 
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(68) 


7  =  4*/r 


Deviation  from  the  Optimum  Carrier  Concentration 

In  agreement  with  (34),  the  numeral  a2o  of  the  equation  for  ;  has 
a  maximum  value  with  a  specific  carrier  concentration  and  electrical 
conductivity.  l.'e  shall  clarify  by  how  much  the  effectiveness  of  the 
thermoelement  is  reduced  if  the  electrical  conductivity  of  the  branches 
differs  somewhat  from  the  optimum  value. 

Simple  calculations  which  we  have  omitted  here  give  the  following 
result : 


.(“Mum  —  tU  1  /e  — 

(«*«)«,  “TP*)-  (69) 

1'he  relationship  in  (69)  reveals  that  the  dependents  a2c,  and  there¬ 
fore,  also  z  on  a  close  to  the  point  o  =  has  the  same  nature  as  the 

dependents  of  :  on  m  close  to  the  point  m  =  for  example,  a  change  in 

c  by  20 «  generates  a  total  reduction  in  ;  of  Is. 

A  Deviation  from  the  Optimum  Value  of  the  Current  Intensity 

Under  conditions  of  thermoelement  operation  involving  complete 
thermal  isolation  of  the  cold  junction,  in  agreement  with  (1)  and  (5^, 

at -K\*n 

•  <T*  * 


<JA T  _  D  PIT _ H 

di  —  i  ’  el*  * 

Lxpanding  .'if  in  a  lay  lor  series  close  to  the  point  1  =  1,  we  obtain, 
after  simple  transformations 


(70) 


In  agreement  with 
value  by  20°o  generates 


(70),  current  density  deviation  from  the  optimum 
a  reduction  in  AT  by  4\ . 
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Considering  the  Value  z  with  Varying  Arm  Parameters 


Solving  another  problem  also  presents  some  interest.  Let  us  assume 
that  the  arm  parameters  of  the  thermoelement  are  not  identical: 


«! 


f 


and  we  shall  clarify  by  how  much  calculated  in  accordance  with  (11], 
is  less  than  z^,  i.e.,  how  the  thermoelement  indicators  as  a  whole  are 

poorer  than  the  best  indicators  of  the  arm.  IV e  shall  introduce  the  symbols 


then 


.  =  e. 


— 1± 


-ft- 


:  (*i  ei) " 


*+s 


( 7 1 ) 


the  lower  the_ specific  resistance  of  the  given  material,  the  lower  the 
value  k  =  vicp  for  the  material;  within  limits  this  value  approaches  the 
constant  of  the  Wiedemann- K ran:  law.  Therefore,  in  order  that  the  poorest 
arm  does  not  significantly  reduce  z,  we  must  in  this  way  raise  the  carrier 
concentration  so  that  the  inequality  c ^  >>  (r 


CHAPTER  1Y 


Thermogalvanometric  Methods  of  Cooling 


As  has  been  pointed  out  above,  the  temperature  on  the  cold  junction 
of  the  thermoelement  with  an  optimum  current  and  a  lack  of  a  heat  load 
depends  on  the  temperature  of  the  hot  junctions  and  the  value  of  z  of  the 
material  employed.  In  the  bismuth  telluride,  which  so  far  is  the  best 
material  for  cooling  thermoelements,  a  reduction  in  value  z  is  accompanied 
by  a  reduction  in  temperature,  which  in  turn  involves  a  decrease  in  the 
temperature  differential,  provided  by  the  thermoelement.  As  will  be 
outlined  in  more  detail  below  (Part  II,  Chapter  I,  ?2),  with  a  temperature 
at  the  hot  junctions  of  -120°C,  the  temperature  differential  at  the 
thermoelement  practically  equals  zero.  In  this  connection  there  has 
been  a  great  deal  of  discussion  in  published  material  recently  concerning 
the  possibility  of  the  practical  utilization  of  certain  thermogalvanomag- 
netic  effects  for  purposes  of  further  reducing  the  temperature. 

51.  Thermoelectric  Cooling  at  Low  Temperatures 

As  lias  been  pointed  out  above,  the  effectiveness  of  semiconductor 
alloys  on  the  basis  of  bismuth  telluride  falls  with  a  temperature  reduc¬ 
tion  in  the  hot  junctions  of  the  thermoelement,  and  they  prove  to  he 
unsuitable  for  purposes  involving  extreme  cooling.  Investigations  of 
bismuth-antimony  alloys  have  revealed  that  in  the  low  temperature  area 
they  possess  unusual  thermoelectrical  properties.  Thus,  for  example,  with 
a  temperature  below  220°k,  an  alloy  consisting  of  95%  (atomic)  bismuth  and 
5%  (atomic)  antimony,  surpasses  in  effectiveness  alloys  based  on  bismuth 
telluride.  At  a  temperature  of  300QK,  the  value  z  for  the  alloy  indicat  ;d 
above  is  equal  to  1.8  •  10  -  deg  ,  at  the  same  time  at  the  temperaturt 
of  liquid  nitrogen  (77°k) ,  a  value  z  increases  to  4,8  •  10  3  deg  3 
(figure  9).  It  is  not  without  interest  to  note  here  that  at  a 


<f 


yf 


* 
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temperature  of  77°K,  the  value  z  for  bismuth-antimony  alloys  within  a 
rather  wide  range  show  little  dependence  on  the  composition  of  the  alloy 
(figure  10). 


Figure  9.  Dependence  of  value  z  on  a  35% 
Bi  -5<:  Sb  alloy  on  temperature  (the 
temperature  gradient  along  the  3~fold 
axis  of  the  crys tal ) . 


Figure  10.  The  dependence  of  value  z 
on  alloy  composition  at  80  K  and 
300°K. 


Calculated  temperature  drops  which  may  be  provided  by  thermoelements 
of  Ri-Sb  (the  n-arm)  and  Bi^Te^  (the  p-arm) ,  at  various  hot  junction 

temperatures,  are  shown  in  Figure  11.  It  is  apparent  from  the  slope  of 
the  curve  that  at  10U°K  the  thermoelements  may  provide  an  additional 
temperature  reduction  of  10 ». 
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figure  11.  Maximum  temperature  difference 
provided  by  a  thermoelement  consisting 
of  Bi(g^Sb^)  (n-arm)  and  Bi^Te^  (p-arm). 

During  thermoelement  operation  in  the  extremely  low  temperature 
region  (5-10°K),  it  is  possible  to  employ  as  one  of  the  arms  a  metal  at 
this  temperature  in  a  superconducting  state.  In  this  case  value  z  for 
such  a  thermoelement  will  be  determined  only  by  the  parameter  of  the 
superconducting  arm. 

S2.  Thermoelectric  Cooling  in  a  Magnetic  Field 

A  significant  increase  in  value  :  at  low  temperatures  was  detected 
for  bismuth -antimony  alloys,  placed  in  a  magnetic  field.  Under  the 
influence  of  a  magnetic  field  an  increase  occurs  in  the  thermoelectro¬ 
motive  force  and  simultaneously  in  the  electrical  resistance  of  the 
material.  The  reason  for  this  is  the  influence  of  the  magnetic  field 
on  the  current  carriers  in  the  semiconductor  --  the  electron  and  holes. 
The  greatest  effect  of  the  influence  of  the  magnetic  field  on  the 
figure  of  merit  of  the  semiconductor  substance  proved  to  be  with  an 
alloy  consisting  of  88?°  bismuth  and  12%  antimony.  Single  crystals  of 
this  alloy  are  placed  in  a  magnetic  field  which  is  directed  in  parallel 
to  the  bisecting  axis  of  the  crystal.  At  room  temperature,  without  a 
magnetic  field,  the  z  of  this  material  will  equal  0.8  •  10  3  deg  !. 

At  the  same  room  temperature  but  in  a  magnetic  field  of  17  kilo  oersteds 
value  z  increases  to  3  •  10  3  deg  1 .  In  Bi-Sb  alloys  with  an  increase 
in  the  magnetic  field  as  a  result  of  an  increase  in  the  value  of  the 
thermoelectrodynamic  force,  z  increases,  however  at  a  certain  field 
intensity  value  due  to  an  increase  in  the  resistance,  z  begins  to 
decrease,  passing  through  a  maximum.  The  significance  of  this  fact  is 


5- 


that  the  maximum  value  ef  z  at  any  temperature  is  always  3  times  higher 
than  when  the  magnetic  field  is  lacking. 


A  second  peculiarity  in  the  behavior  of  Ri-Sb  alloys  in  a  magnetic 
field  is  an  increase  in  z  with  a  decrease  in  the  surrounding  temperature, 
figure  12  shows  a  dependence  of  value  z  on  temperature  for  various 
values  of  magnetic  field  intensity.  Kith  a  temperature  of  approximately 
100°k  in  a  field  of  1  kg,  z  lias  a  value  of  8.f>  •  Id  3  deg  ’. 


Figure  12.  The  dependence  of  value  z  on 
temperature  with  various  magnetic  field 
values  for  a  Bi-Sb  alloy. 


All  of  the  data  cited  above  pertain  to  an  alloy  with  N-type  conduc¬ 
tivity.  Unfortunately,  up  to  the  present  time  we  have  not  been  success¬ 
ful  in  preparing  a  positive-type  material  with  a  similar  dependence  of 
properties  on  magnetic  field  and  temperature,  which  therefore  does  not 
permit  the  creation01  an  effective  low-temperature  thermomagnetic 
element.  However,  the  employment  of  bismuth  teliuride  as  the  positive 
arm  in  an  800  oersted  field  and  with  a  hot  junction  temperature  of  77°K 
permits  an  additional  temperature  reduction  of  13-13°. 

We  must  direct  our  attention  to  the  possibility  of  creating  a 
combined  thermoelectric-thermomagneti c  cooler,  in  which  the  initial 
stages  are  thermoelectric,  and  the  final  thermoelectric,  but  with  a 
magnetic  field. 
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S3-  Thermomagnet i c  Cooling  (the  Ettinghausen  Effect) 


Under  the  influence  of  a  magnetic  field  the  transfer  process 
changes  in  a  conductor  through  which  a  constant  electrical  current  flows. 

As  a  result  of  this,  a  whole  series  of  so-called  thermomagnet i c  effects 
arise  (the  transverse  effects  of  Hall  and  Righi-Lcduc  and  the  longitudinal 
effects  of  Nernst  and  lit  tinghausen) .  So  for  cooling  purposes  the 
littinghausen  effect  presents  the  most  interest.  This  effect  consists  of 
the  fact  that  when  a  magnetic  field  acts  upon  a  conductor  in  a  direction 
perpendicular  to  the  direction  of  the  passage  of  the  current  through  the 
conductor,  a  temperature  gradient  is  created  in  a  third  direction 
(figure  13J  .  The  httingluiuson  coefficient  P  is  determined  from  the 
relationship 


where  ix  is  the  current  intensity;  h,  is  the  magnetic  field  strength; 
<jT^  is  the  temperature  gradient  generated. 


Figure  13-  A  diagiam  of 
the  formation  of  the 
Ettinghausen  effect. 


Simultaneously  with  the  littinghausen  effect  appears  the  Nernst  effect, 
which  pertains  to  the  phenomenon  that  with  a  presence  of  a  temperature 
gradient  in  a  magnetic  field,  a  transverse  electrical  field  will  he 
generated.  The  Nernst  effect  is  thermodynamically  related  to  the 
i.ttinghausen  effect,  just  as  the  Scebech  effect  is  related  to  the  Peltier 
effect . 


The  value  of  the  Nernst  coefficient  Q  is  determined  from  the  equation 


<?  = 


*r 

Ttt' 


where  e  is  the  Nernst  electrical  field  generated;  and  11^  is  the  magnet i 
field;  AT  is  the  temperature  gradient. 

The  Nernst  and  l.ttinghausen  coefficients  are  related  to  each  other 
by  the  Bridgemun  relation: 

P  =  Q  i  . 

A  strict  analysis  of  the  phenomena  which  take  place  in  a  thermo- 
magnetic  lit tinghausen  refrigerator  leads  to  an  equation  which  is  quite 
complex.  However,  for  a  first  approximation,  and  with  a  sufficient 
degree  of  accuracy,  we  may  simplify  the  problem,  as  a  result  of  which 
the  phenomenologi cal  equation  of  thermomagnet ic  cooling  becomes  similar 
to  the  corresponding  equation  for  thermoelectric  cooling  of  the  I'elticr 
effect . 

Let  us  examine  principally  the  possible  design  of  an  lit tinghausen 

refrigerator.  Cooling  and  heating  surfaces  are  arranged  (.Figure  i 4 J 

above  and  below  a  rectangular  section  of  a  slug  of  suitable  material. 

The  width  and  height  of  the  slug,  and  also  the  length  of  the  cooling 

surface  are  designated  respectively  as  a,  b  and  l.  The  temperature  of 

the  cold  and  hot  sides  we  shall  designate  bv  T  and  T.  .  The  current 

°  co  ho 

passing  through  this  slug  is  designated  as  lx  and,  finally,  the 
magnetic  field  is  ll_. 

We  shali  assume  that  the  value  of  the  Nernst  coefficient,  and  also 
the  electrical  conductivity  and  heat  conductivity  of  the  material  of 
the  slug  do  not  depend  on  temperature.  Then  the  l.ttinghausen  heat  flax 
from  the  cold  to  the  hot  side  of  the  slug  will  equal 


9—  b 

where  k  is  the  coefficient  of  heat  conduct i vi tv  of  the  slug. 


Figure  1*4.  The  principal 
design  of  a  Ettinghausen 
ref  ri  gerator. 


in  agreement  with  the  Bridgeman  relation  cited  above,  this  equation 
mu.'  be  written  in  the  form 


__  QB.tJ 
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Simultaneously  with  the  heat  flux  transfer  from  t he  cold  to  the 
hut  surfaces  of  the  Lttinghausen  refrigerator  under  tit e  influence  of 
t he  passage  of  the  current  Joule  heat  will  be  released  in  it,  which  in 
a  layer  of  single  thickness  in  a  direction  y  equals 


T'J  • 

ttb*  ‘ 


With  the  boundary  conditions 


!r=rU.|7-  =  u_ 

the  equation  for  the  heat  quantity  drawn  off  per  unit  time  by  the  l.tting- 
hausen  refrigerator  will  have  the  form 


_ - w  .  Hm  (*C0  "  ‘ho} 

y  b  * 


It  is  not  difficult  to  note  that  the  equation  has  the  form  as  the 
equation  for  refrigerating  capacity  in  the  case  of  thermoelectric  cooling 
utilizing  the  Peltier  effect. 

Here  the  terms  QH^  1/ b,  H oab  and  kia/b  in  the  equation  for  the 

Lttinghausen  refrigerator  correspond  to  (a  -  a-,)  R  and  *  in  the  equation 

for  the  Peltier  refrigerator.  In  this  connection  it  is  possible  to  make 
the  very  interesting  conclusion  that  after  corresponding  substitutions 
fo  r  the  various  terms  have  been  made,  all  relationships  which  character¬ 
ize  the  operation  of  the  Peltier  refrigerator  may  also  be  employed  for  the 
Lttinghausen  refrigerator.  Thus,  for  example,  the  coefficient  of 
quality  of  the  thermoelectric  refrigerator  may  be  written  in  the  form 


* 
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ill  the  equation  tor  maximum  temperature  difference  corresponds  to 


_  <r-Btcr, 


1  he  product  ot"  the  Tttinghausen  coefficient  P  and  the  magnetic 
field  II,  having  received  the  designation  coefficient  of  thermomagnetic 
force,  replaces  in  thermoelectric  relat ionships  the  coefficient  of 
thermoelectromotive  force  .  In  connection  with  the  fact  that  the 
thermomugnet i c  Tttinghausen  refrigerator  consists  of  1  arm,  optimiza¬ 
tion  of  its  geometric  dimensions  if  not  required,  It  follows  from  this 
that  it  is  comparatively  simple  to  make  u  multi-stage  refrigerator  with 
an  infinite  number  of  stages.  The  shape  of  such  a  refrigerator  is  shown 
in  figure  15.  It  is  a  tetrahedral  frustum  of  a  prism,  the  sides  of  which 
fonn  exponential  functions.  ihe  upper  area  of  the  prism  is  cooled,  and 
the  lower  base  is  heated.  A  similar  type  of  cooler  results  from  the  fact 
that  the  heat  flux  increases  in  proportion  to  the  distance  from  the 
cold  surface  to  the  hot  surface.  In  this  matter,  m  isothermic  surfaces, 
formed  by  a  prism  section  parallel  to  the  base,  the  heat  flax  density 
remains  constant.  1  he  coefficient  of  performance  for  an  Tttinghausen 
cooler  with  an  infinite  number  of  stages  may  be  calcul  ited  in  accordance 
with  the  corresponding  equations  for  a  multi-stage  thermoelectric  pile, 
outlined  in  Chapter  1,  :-3. 


Figure  lp.  The  geometric  form 
of  an  tt t i nghausen  cooler 
with  an  infinite  number  of 
stages . 

ll.c  Tttinghausen  refrigerator  described  above  with,  an  infinite 
number  of  stages  possesses  one  sho rt com! ng ;  the  relatively  large  width 
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ot'  tlic  base  does  not  conveniently  permit  piecing  it  between  the  poles 
of  a  magnet.  In  this  connection  another  variation  of  this  refrigerator 
has  been  proposed,  hut  with  a  finite  number  of  stages.  The  construction 
diagram  is  shown  in  figure  In.  The  rectangularly  shaped  element  consists 
of  a  series  of  vertically  placed  layers,  insulated  from  each  other, 
f.ach  layer  has  a  different  thickness,  governed  by  the  refrigerating  capa¬ 
city  which  it  must  possess.  A  full  analogy  could  he  presented  here  with 
the  multi-stage  Peltier  thermoelement. 

; 


t 


s' 

Figure  16.  Diagram  of  an 

£  1 1  i  nghauseri  refrigerating 
device  with  a  finite 
number  of  stages. 

hxperirnents  in  the  determination  of  the  effectiveness  of  the 
Ltt  inghauscn  refrigerator  have  been  conducted  for  single-crystal  l.t.uh-  Is 
of  an  alloy  consisting  of  ‘J7Y  Bi  and  3s  Sb.  ’I  he  model  was  made  in  the 
form  shown  in  Figure  IF..  The  magnet  ic  field  was  established  purui  lei  lit 
the  bisecting  axis  of  the  crystal.  The  temperature  differential  was 
generated  in  the  direction  of  the  binary  axis.  The  results  of  measure¬ 
ments  of  dependents  ,Yf  on  magnetic  field  intensity  for  various  value-  of 
the  temperature  of  the  heat-dissipating  base  are  shown  in  Figure  17.  The 
geometric  dimensions  of  the  model  were:  length  25  mm,  height  1.2-5  mm, 
width  of  the  cold  base  0.31  mm,  and  width  of  the  hot  base  3.9-1  mm. 

In  recent  times  there  has  been  some  discussion  in  publications 
concerning  the  poss ibi 1 lty  of  employi ng  for  cooling  purposes  the  thermo- 
magnetic  effect  in  pyrolytic  graphite.  A  theoretical  evaluation  of  this 
effect  reveals  that  with  temperatures  below  100°k,  one  might  expect  an 
additional  temperature  reduction  of  10°.  The  value  of  the  magnetic  field 
in  this  ease  would  be  10s-10s  G. 
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Figure  17.  Temperature  differential 
dependence  in  an  F.ttinghausen 
refrigerator  on  magnetic  field 
intensity  for  various  values  of 
the  hot  base  temperature. 

Measurements  conducted  with  pyrolytic  graphite  annealed  at  a  tem¬ 
perature  of  3500°C,  have  revealed  that  at  4.2°K  vaiue  z  for  graphite  has 
a  maximum  at  a  magnetic  field  intensity  of  500  G.  The  value  AT  was  equal 
to  2.9  •  10  3  deg.  Disparities  in  the  data  from  published  references 
regarding  the  influence  of  the  magnetic  field  and  the  value  z  are  con¬ 
nected  with  the  fact  that  a  decrease  in  z  in  strong  magnetic  fields,  in 
all  probability,  is  caused  by  non-uniformity  in  models  or  by  various 
carrier  concentrations. 


PART  II.  ENGINEERING  PROBLEMS  IN  THERMOELECTRIC  COOLING  TECHNOLOGY 


CHAPTER  V 

The  Fundamentals  of  the  Oesiqn  of  Thermoelectric  Cooltnq  Devices 


51.  Thermopile  Operating  Conditions 

Any  thermoelectric  cooling  device  can  operate  under  two  basic  con¬ 
ditions  --  the  condition  of  maximum  coefficient  of  performance  c  and 

max 

the  condition  of  maximum  refrigerating  capacity  .  In  the  first  case 

the  device  would  most  effectively  transform  the  required  electrical 
energy  into  "cold",  and  in  the  second  case,  to  the  detriment  of  economy, 
perhaps  the  maximum  temperature  reduction  will  be  obtained.  In  other 
words,  the  condition  characterizes  maximum  economy  of  operation  of 

the  thermo-cooling  device,  whereas  the  condition  provides  for  the 

maximum  quantity  of  dissipated  heat  per  unit  of  time.  Shown  in  figures 
18  and  19  are  the  graphic  dependencies  of  the  coefficient  of  performance 
and  the  refrigerating  capacity  on  temperature  differential  on  the  thermo¬ 
element  for  cases  involving  conditions  of  maximum  coefficient  of  perform¬ 
ance  and  maximum  refrigerating  capacity.  It  must  be  noted  that  the 
dependencies  cited  refer  to  a  thermoelement  for  which  z  =  2.S  •  10~3  deg"1 
and  hot  junction  temperature  is  equal  to  25°C. 

At  AT,  both  conditions  coincide,  however,  when  AT  differs  from 

lUclA 

the  maximum  value,  refrigerating  capacity  and  coefficient  of  performance 
under  these  conditions  have  different  values. 


-53- 


Figure  18.  Dependence  of  the 
coefficient  of  performance 
(c)  and  refrigerating  capacity 
(Q)  on  temperature  difference 
(AT)  for  a  condition  of 
maximum  coefficient  of 
performance , 


Figure  19-  Dependence  of  the 
coefficient  of  performance 
(c)  and  refrigerating  capaci  ty 
(Q)  on  the  difference  in 
temperature  (AT)  for  a  condition 
of  maximum  refrigerating 
capaci ty 


Thus,  for  example,  in  the  e  condition  with  low  values  of  AT, 
r  ’  max 

the  coefficient  of  performance  has  a  significant  value,  which  within 
limits  approaches  infinity,  whereas  in  the  condition,  the  value  of 

the  coefficient  of  performance  cannot  exceed  50« .  In  its  turn  the 
refrigerating  capacity  in  the  emax  condition  has  a  maximum  at  AT  =  30° 

and  is  equal  to  lw.  In  the  condition  the  refrigerating  capacity  of 

the  thermoelement  at  the  same  AT  =  30°  is  equal  to  1.7  w. 


From  the  material  presented  we  may  make  the  following  conclusion. 


In  a  case  when  the  thermoelectric  device  must  provide  a  small 
temperature  differential,  which  occurs,  for  example,  in  air  conditioning, 
the  device  must  be  designed  in  accordance  with  the  equations  for  the 
condition  of  maximum  coefficient  of  performance .  When  maximum  cooling 
from  the  device  is  required  at  the  expense  of  economy,  it  must  be  designed 
in  accordance  with  the  equations  of  the  condition  of  maximum  refrigerating 
capacity.  Thus,  in  approaching  the  design  of  a  thermoelectric  cooling 
device,  first  of  all  it  is  necessary  to  establish  the  operating  condition, 
and  in  agreement  with  this  to  employ  design  formulas  for  the  e  ^  or  the 

0  conditions.  Table  1  shows  the  relationships  required  for  engineering 

calculations  of  the  basic  parameters  of  thermoelectric  refrigerators. 
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Table 


§2.  Thermopile  Design 

The  engineering  design  of  a  thermo-cooling  device  is  made  up  of 
the  design  for  a  thermoelectric  pile  and  the  heat  engineering  design  of 
a  system  of  a  heat  dissipation  from  the  hot  junctions  of  the  thermopile, 
the  heat  insulation  of  the  operating  chamber  of  the  device,  calculations 
of  the  values  of  parasitic  temperature  differentials  in  local  heat  junc¬ 
tions,  etc. 

The  determination  of  the  heat-engineering  parameters  of  the  device 
are  just  as  important  as  the  design  of  the  thermopile,  since  it  must 
always  be  kept  in  mind  that  any  thermo-cooling  device  is  a  unified  con¬ 
struction  complex  in  which  the  separate  elements  are  closely  interdepend¬ 
ent. 


In  the  design  of  a  thermoelectric  pile  initial  data  usually  includes 

the  required  refrigerating  capacity,  value  of  the  operating  voltage,  the 

temperature  differential  which  must  be  provided  by  the  device,  and  the 

basic  parameters  of  the  substances  employed  (a,  o,  <).  Proceeding  from 

these  data,  first  it  is  necessary  to  determine  under  what  condition  the 

device  will  be  operating,  and  then  to  use  the  corresponding  design 

formulas  for  the  c  or  the  Q  conditions, 
max  in  ax 

Further  design  of  the  thermopile,  for  example,  for  the  rma^  condition, 
is  carried  in  the  following  order. 

1.  The  value  of  heat  load  Q  on  the  thermopile  is  determined.  This 
flow  is  made  up  of  heat  flux  Q1  from  the  outside,  which  flows  through 

the  heat  insulation  of  the  operating  chamber  and  of  heat  released 

in  the  operating  volume  by  objects  subject  to  cooling. 

Heat  intake  through  the  heat  insulating  layer  is  determined  in 
accordance  with  the  following  formula; 


Q  >4*T 

where  X  is  the  coefficient  of  heat  conductivity  for  the  insulating 
material  chosen;  S  is  the  area  of  the  heat  insulation;  AT  is  the  tempera¬ 
ture  differential  for  the  thickness  of  a  layer  of  the  heat  insulation; 
d  is  the  thickness  of  a  layer  of  heat  insulation. 

2.  The  value  of  the  coefficient  of  performance  of  the  thermopile 

is  determined  in  accordance  with  the  c  condition  equation. 

max 
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3.  The  power  required  by  the  thermopile  from  the  power  source  is 
determined  as  the  quotient  of  the  division  of  the  quantity  of  heat 
passing  to  the  thermopile  by  the  coefficient  of  performance,  i.e. 


IV 


4.  The  voltage  drop  (vQ)  across  1  thermoelement  is  calculated,  and 

then,  proceeding  from  the  established  voltage  source  (V).  of  the  thermopile, 
the  number  of  thermoelements  in  the  thermopile  is  determined: 


5.  The  optimum  current  value  fed  to  the  thermopile  is  determined 

by  dividing  the  power  required  from  the  source  by  the  voltage  drop  across 
the  pi le . 

6.  Thermopile  resistance  may  be  determined  from  the  formula 


•ATN  - 

1*1  -j-o.5*  (r,  4-  rj  —  <  • 


and  the  resistance  of  1  thermoelement  is  determined  in  accordance  with 
the  formula 


r 


_ MAT 

ni-fo.5i(r>+n  — i  * _ 


7,  The  geometric  dimensions  of  the  arms  of  the  thermoelement  are 
determined  in  accordance  with  the  formula 


(  «r 

T=*T» 


where  l  is  the  thermoelement  arm  height;  S  is  the  arm  section. 


Since  the  geometric  dimensions  of  the  thermoelement  arms  are 
determined  by  the  ratio  of  the  area  of  the  section  to  the  height,  it  is 
possible  to  employ  arms  of  any  dimensions  by  maintaining  the  ratio  l/S. 
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The  choice  of  corresponding  values  for  l  and  S  must  be  made  with  consid¬ 
eration  for  a  series  of  design  requirements  imposed  on  a  thermoelectric 
device,  with  consideration  for  the  weight  of  the  thermopile,  for  the 
maximum  reduction  in  the  flow  rate  of  the  semiconductor  substance,  and 
a  series  of  other  factors.  However,  in  practice  the  height  of  the 
thermoelement  may  not  be  made  less  than  3  mm,  since  in  this  case  rev.. .sc 
heat  flow  from  the  hot  to  the  cold  junctions  would  play  a  noticeable  role. 
In  the  design  of  a  thermopile  to  he  employed  under  a  condition  of  maxi¬ 
mum  refrigerating  capacity,  the  determination  of  the  optimum  current 
value  may  be  accomplished  with  the  aid  of  an  equation  for  an  approxima¬ 
tion,  which  fully  satisfies  practical  requirements. 


ln  the  Snax 


condition. 


optimum  current  equals 


but 


Substituting  the  value  R  in  the  equation  for  optimum  current,  we 
obtain 


•  T*S 
~W~- 


The  value 


for  thermoelectric  materials  employed  at  the  present 


time  (Bi9Te^  + 

equals  46-50, 
thermoelement , 
element  of  the 
to  36. 


Bi  Se  and  Bi.,Te  +  Sb,Te.)  is  practically  constant  and 

However  with  the  aim  of  reducing  the  power  required  by  the 
which  in  turn  reduces  parasitic  temperature  drops  on  the 
device,  the  value  of  this  numerical  coefficient  is  reduced 


Thus  optimum  current  may  be  computed  in  accordance  with  the  formula 


/  =  38 


T* 
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Corresponding  to  the  optimum  current,  the  voltage  drop  in  1  thermo¬ 
element  will  be  constant  and  will  equal  0.075  v. 

The  design  of  multi-stage  thermoelements  in  thermopiles  is  conducted 
in  the  sequence  described  above.  However  in  calculating  the  maximum 
temperature  reduction  on  a  multi-stage  thermopile,  the  strongly  displayed 
dependence  of  the  value  of  the  thermoelectric  material  electrical 
conductance  on  temperature  must  be  kept  in  mind.  With  a  decrease  in  the 
temperature  of  the  hot  junctions,  which  occurs  in  the  case  of  multi-stage 
thermoelement,  the  electrical  conductivity  (c)  increases  and  the  voltage 
drop  accross  the  thermoelement  correspondingly  decreases.  As  a  result 
there  is  a  reduction  in  the  temperature  drops  provided  by  the  upper  stages 
of  the  multi -stage  thermoelement. 

Figure  20  shows  the  experimentally  obtained  dependence  of  temperature 
drops  for  a  single-stage  thermoelement  on  the  temperature  of  the  hot 
junction.  In  this  connection  in  multi-sta^e  thermoelements  it  is  neces¬ 
sary  to  employ  materials  for  the  upper  stagas,  which  operate  at  the 
low  temperatures  of  the  hot  junctions,  with  a  reduced  (at  normal  tem¬ 
perature)  electrical  conductivity  value,  so  that  in  the  operating 
condition  the  electrical  conductivity  will  rise  to  its  nominal  value. 

These  considerations  basically  pertain  to  multi-stage  thermoelements  and 
thermopiles  with  series-fed  stages. 

4T 


Figure  20.  The  dependence  of 
the  temperature  drop  (iT)  for 
a  single-stage  thermoelement 
on  the  temperature  of  the 
hot  junction  (t^Q) . 
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S3-  The  Design  of  a  Radiator  for  Heat  Extraction 

The  design  of  a  system  of  heat  dissipation  from  hot  junctions  of 
the  thermopile  is  an  independent  problem  and  is  examined  in  detail  in 
Chapter  111.  However  in  a  number  of  cases  involving  the  use  of  air 
radiator  systems  with  natural-convection  or  forced  heat  removal,  it  is 
possible  to  employ  simplified  equations  in  which  the  calculations  satisfy 
practical  requirements.  The  total  area  of  the  place  in  a  radiator  with 
natural-convection  heat  removal  may  be  determined  in  accordance  with  the 
formula 


F  = 


Q  . 
Tzr< 


here  Q  is  the  quantity  of  heat  which  must  be  drawn  off  by  ’ 
in  kCal/h;  AT  is  the  permissible  drop  in  temperature  betwe 
and  the  surrounding  medium,  °C;  a  is  the  coefficient  of  h( 
between  the  radiator  and  the  surrounding  medium,  in  kCal/n 


radiator, 
the  radiator 
t  rans fer 
h  •  deg . 


The  quantity  a  depends  on  many  factors.  With  natural  -»~Mnr 
u  =  3  to  5,  and  with  forced  air  cooling  of  the  radiator  syster 
to  100.  In  this  connection  in  making  a  choice  of  a  system  for  dissipating 
heat  from  the  thermopile,  it  is  worthwhile  to  give  the  preference  to  a 
radiator  system  with  forced  cooling,  since  this  requires  a  radiator  area 
of  10- IS  times  less,  which  correspondingly  leads  to  a  reduction  in  the 
overall  dimensions  of  the  device. 


The  geometric  dimensions  of  the  radiator  place  in  the  case  of  natural 
convection  heat  removal  may  be  determined  in  accordance  with  the  equation 


where  l  is  the  length  of  the  radiator  plate;  P  is  the  quantity  of  heat 
delivered  to  the  radiator,  in  kCal/h;  X  is  the  coefficient  of  heat 
conductivity  of  the  material  from  which  the  radiator  plates  are  made, 
in  kCal/m  •  h  •  deg;  h  is  the  thickness  of  the  radiator  plate,  m;  d  is 
the  height  of  the  radiator  plate  in  the  direction  of  heat  flow,  m;  AT  is 
the  permissible  temperature  differential  along  the  height  of  the  radiator 
plate,  °C. 

It  was  pointed  out  above  that  the  employment  of  radiator  systems 
with  forced  cooling  is  considerably  more  defective  than  radiators  with 
natural-convection  heat  dissipation.  Problems  concerning  the  design  of 
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radiators  with  forced  cooling  will  be  examined  in  Chapter  III,  S 2 .  Here 
we  may  employ  an  equation  which  may  be  used  an  a  first  approximation  in 
evaluating  the  operation  of  a  force-cooled  radiator.  In  agreement  with 
this  equation 


q^wc^t. 


here  Q  is  the  quantity  of  heat  supplied  to  the  radiator 
mass  rate  of  flow  of  air  through  the  radiator,  kg/sc-c;  C 


P 


w;  W  is  the 
is  the  specific 


heat  of  the  air  at  the  temperature  of  the  radiator;  AT  is  the  established 
difference  in  temperature  of  the  air  at  the  input  and  the  output  of  the 
radiator,  °C, 
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CHAPTER  VI 

The  Construction  Elements  of  Thermoelectric  Cooling  Devices 


T!  majority  of  thermoelectric  cooling  devices  consist  of  three  basic 
construction  subassemblies:  the  thermoelectricpi le ,  the  operating  chamber 
or  surface,  and  the  heat  removal  system  from  the  thermopile.  At  a  certain 
stage,  the  creation  of  each  of  these  subassemblies  is  an  independent 
problem.  However,  in  the  construction  of  this  instrument  as  a  whole  it 
is  necessary  to  consider  the  close  interdependence  of  these  three  construc¬ 
tion  elements  with  each  other. 

With  this  in  mind,  we  shall  examine  the  basic  principles  of  the 
construction  of  each  of  these  sub-assemblies  enumerated. 

§1.  An  Individual  Thermoelement 

Any  thermoelectricpile  consists  of  a  series  of  series  or  parallel 
connected  thermoelements.  The  thermoelement  itself  consists  of  two  arms, 
one  of  which  possesses  n-type  conductivity  and  the  other,  p-type  conduc¬ 
tivity.  The  arms  of  the  thermoelement  are  connected  to  each  other  by 
means  of  connecting  plates.  To  a  significant  degree  the  qualitative 
operation  of  an  entire  thermo-cooling  device  depends  on  the  correct  design 
solution  of  an  individual  thermoelement. 

The  basic  requirement  which  must  be  sati-fied  in  the  practical 
construction  of  a  thermoelement  is  the  elimination  or  the  significant 
reduction  of  mechanical  stresses  generated  in  the  latter  as  a  result  of 
the  compression  of  cold  and  expansion  of  hot  connecting  plates. 

In  fact,  the  arms  which  make  up  the  thermoelement  are  connected  at 
the  top  by  a  connecting  plate,  which  is  soldered  to  the  element.  On  the 
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bottom,  by  means  of  soldering,  they  are  also  joined  together  with  con¬ 
necting  plates,  which  through  electrically  insulated  heat  junctions  are 
soldered  to  the  heat  dissipation  system.  In  this  manner  separate  parts 
of  the  thermoelement,  manufactured  of  materials  with  various  physical 
properties,  prove  to  be  tightly  bound  to  each  other.  We  must  add  to  this 
that  the  connecting  plates  are  manufactured  from  a  material  with  good 
heat  and  electrical  conductivity  and  therefore  possesses  a  high  coeffi¬ 
cient  of  linear  expansion 

When  voltage  is  applied  to  a  thermoelement  the  upper  connecting 
plate  begins  to  cool  and  therefore  to  contract.  The  lower  plate,  on 
the  other  hand,  begins  to  heat  and  therefore  to  expand.  As  result,  a 
force  couple  is  generated.  As  a  result  of  these  forces  significant 
mechanical  stresses  are  created  in  the  thermoelement,  which  may  lead  to 
destruction  of  the  element. 

Since  it  is  not  possible  to  eliminate  completely  mechanical  stresses, 
several  thermoelement  designs  have  been  developed  in  which  the  mechanical 
stresses  have  been  reduced  to  an  extent  that  they  no  longer  cause  the 
thermoelement  to  fail.  One  of  these  provides  for  the  utilization  of  the 
shortest  possible  cold  connecting  plate.  In  conformity  with  this  system, 
the  thermoelement  arms  cannot  be  located  far  from  each  other. 

A  second  possible  thermoelement  design  variation  consists  of  manufac¬ 
turing  the  cold  connecting  plate  in  the  form  of  a  spring  (Figure  21,  a). 

In  this  case,  under  the  influence  of  mechanical  stresses  generated 
within  the  thermoelement,  the  spring  would  sag,  but  not  exceed  the  limits 
of  elastic  deformation.  Naturally  the  spring  section  must  be  such  that 
the  operating  current  passing  through  it  must  not  release  a  noticeable 
quantity  of  Joule  heat. 

Another  design  for  the  cold  connecting  plate  is  represented  in 
(Figure  21,  c,)in  which  the  plate  is  made  of  2  opposed  sections,  separated 
by  a  thin  slit.  In  location  a  a  rather  thin  and  short  jumper  is  formed, 
which  serves  as  an  elastic  plate.  Due  to  the  insignificant  length  of 
the  jumper,  no  meaningful  resistance  is  introduced  into  the  electrical 
circuit  of  the  thermoelement. 

Another  method  of  decreasing  the  harmful  influence  of  mechanical 
stresses  generated  in  the  thermoelement  involves  the  creation  of  damping 
layers  between  the  arms  of  the  thermoelement  and  the  connecting  plates. 

The  damping  material  must  be  manufactured  of  a  substance  possessing  a 
sufficient  amount  of  resillience  and  a  small  amount  of  ohmic  resistance. 

A  thermoelement  is  shown  in  Figure  (21,  b.lin  which  the  damper  function 
is  fulfilled  by  comparatively  thick  layers  3  and  5  of  bismuth,  which  are 
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applied  to  arms  4  and  8  of  the  thermoelement .  The  soldering  of  the 
arms  to  the  connecting  plates  1  and  7  is  provided  by  fusable  connecting 
alloy  elements  2  and  0. 


Figure  21.  The  construction  of 
thermoelements  with  provisions 
for  the  reduction  of  mechanical 
st  resses . 


In  the  thermoelement  construction  examined,  the  thickness  of  the 
layer  of  bismuth  must  not  exceed  0.2-0. 3  mm,  since  this  layer  would 
otherwise  possess  noticeable  electrical  resistance.  Thin  lead  washers, 
placed  between  the  semi-conductor  and  the  connecting  plates,  may  be  used 
as  the  damping  layer. 

A  similar  thermoelement  is  represented  in  Figure (21,  a).  To  both  of 
the  arms  3,  previously  tinned  with  low-melting  point  connecting  solder, 
are  connected  lead  plates  2  and  4.  Then  upper  and  lower  connecting 
plates  1  and  5  are  soldered  to  them.  As  a  result  of  the  high  ductility 
of  the  lead  employed  in  such  damping  washers,  the  mechanical  stresses 
generated  in  the  thermoelement  are  almost  completely  removed. 

§2.  Multi-stage  Thermoelement 

As  we  have  pointed  above,  a  multi-stage  thermoelement  permits  us 
to  obtain  a  considerably  higher  temperature  differential  than  a  single- 
stage  urit.  In  this  connection,  however,  the  refrigerating  capacity  of 
the  thermoelement  decreases.  In  a  number  of  devices  when  the  heat  load 
on  the  thermoelement  is  not  great,  2-stage  thermoelements  are  widely 
employed.  In  their  construction,  the  basic  problems  are  reduced  to 
providing  a  current  supply  to  the  second  stage  and  the  creation  of  an 
electrically  insulated  junction  between  the  hot  junctions  of  the  second 


-64- 


stage  and  the  cold  junction  of  the  first  stage.  The  provision  for  the 
current  supply  for  the  second  stage  of  the  thermoelement  is  a  very  impor¬ 
tant  problem,  since  the  current  supply  must  satisfy  two  mutually 
exclusive  conditions.  On  the  one  hand  the  current  supply  system  must 
possess  a  sufficiently  high  cross-section  to  prevent  the  release  of  a 
significantly  high  quantity  of  Joule  heat,  which  creates  a  harmful  heat 
load  on  the  thermoelement,  and,  on  the  other  hand,  the  current  supply 
system  must  possess  high  heat  transfer  resistance  in  order  to  reduce  to 
a  minimum  the  heat  flux  from  the  surrounding  medium  to  the  thermoelement. 

The  most  efficient  solution  for  this  problem  is  to  provide  a  single 
current  for  both  the  first  and  the  second  stages  of  the  thermoelement. 

A  diagram  of  such  a  system  is  shown  in  Figure  22.  It  provides  for  a 
parallel  supply  to  the  stages.  The  section  of  the  thermoelement  arms 
and  their  quantity  in  the  first  and  second  stages  is  calculated  so  that 
tlie  current  tapped  off  for  the  second  stage  is  equal  to  the  optimum  value 
for  this  stage.  In  calculating  the  geometric  dimensions  of  the  arms  of 
a  2-stage  thermoelement  with  parallel  feed,  it  must  be  kept  in  mind  that 
the  total  thermoelement  current  passes  through  the  outer  arms  of  the 
first  stage,  whereas  through  the  middle  arms  of  the  first  stage  and  the 
arms  of  the  last  stage  pass  2/3  and  1/3,  respectively,  of  the  total 
current . 


Figure  22.  A  2-stage  thermo¬ 
element  with  parallel 
feeding  of  the  stages. 

As  has  been  pointed  out  earlier,  with  parallel  feed  the  refrigerating 
capacity  of  the  second  stage  is  not  very  great,  and  because  of  this 
fact  similar  thermoelements  may  be  employed  in  devices  with  a  small 
heat  load. 

In  a  number  of  cases  the  creation  of  a  2-stage  thermoelement  is 
required,  in  which  the  refrigerating  capacity  of  the  second  stage  must 
be  comparatively  high.  This  is  accomplished  in  a  2-stage  thermoelement 
system  with  a  series  supply  to  the  stages  (Figure  23).  Thermoelements 
1  of  the  first  stage  are  joined  through  electrically  insulating  connecting 
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plates  2  to  t he  thermoelements  3  of  the  stage.  The  power  supply  connec¬ 
tions  to  the  thermoelement  are  made  at  the  locations  designated  by  arrows 
in  the  drawing.  The  choice  of  optimum  operating  conditions  of  the  first 
and  second  stages  is  accompl Lshed  through  the  corresponding  design  of 
the  section  and  height  of  the  arms  of  the  thei'moelements . 


Figure  23.  A  2*stage  thermoelement 
with  series  feeding  of  the 
stages . 


The  principles  of  parallel  and  senes  connections  of  the  arms  in 
a  2-stage  thermoelement  may  be  employed  also  in  the  design  of  a  3-stagc 
thermoelement  with  series  (Figure  24  a)  or  series-parallel  (Figure  24  bl 
stage  connections.  In  particular,  in  a  hygrometer  for  determining  the 
humidity  of  the  air  at  the  dewpoint  ,  a  3-stage  thermoelement  with 
series  feed  for  all  three  stages  was  employed  to  cool  a  condensation 
surface  20  mm  in  diameter.  This  thermoelement  provided  a  temperature 
drop  of  98°  and  provided  a  temperature  of  -78°  at  the  third  stage.  A 
3-stage  thermopile  with  series-parallel  feeding  of  the  stages,  which 
provided  for  a  temperature  drop  of  102° ,  was  used  to  cool  an  infra-red 
radiation  receiver. 

In  a  design  of  multi-stage  thermoelements  and  thermopiles  it  is 
necessary  to  pay  particular  attention  to  the  refrigerating  capability 
of  the  separate  stages  so  that  the  underlying  stages  will  be  capable  of 
fullv  accentine  the  neat  released  at  the  hot  junctions  of  the  upper  stages. 
It  has  been  established  that  for  effective  operation  of  a  3-stage  thermo¬ 
pile  with  series  feeding  of  the  stages,  the  ratio  of  the  number  of 
thermoelements  in  the  stages  must  be  not  less  than  1  :  3,  i.e.,  for  1 
thermoelement  of  the  third  stage  there  must  be  three  thermoelements  in 
the  second  stage  and,  correspondingly,  for  three  thermoelements  of  the 
second  stage  there  must  be  9  thermoelements  in  the  third  stage. 

It  must  be  noted  that  for  effective  multi-stage  thermopile  operation 
the  design  must  take  into  consideration  the  dependence  of  the  electrical 
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conductivity  of  the  thermoelement  material  on  temperature.  This  means 
that  material  must  be  employed  in  each  stage  for  which  the  electrical 
conductivity  will  be  optimum  for  a  given  stage  temperature. 


Figure  2k.  Diagram  of  the  connections  of  a 
three-stage  thermopile  with  series  (a) 
and  series-parallel  (b)  feeding  of  stages. 


The  creation  of  thermoelements  and  thermopiles  with  a  number  of 
stages  above  3  is  associated  with  signficant  construction  complexities 
which  are  not  justified  by  the  small  increase  in  temperature  drop  which 
a  4-stage  thermoelement  furnishes  in  comparison  wiih  a  3-stage  element. 

13.  A  Thermoelectric  Pile 

The  design  of  a  cooling  device  based  on  initial  data  determined  by 
application  conditons  often  leads  to  the  necessity  for  creating  a  thermo¬ 
pile  consisting  of  a  large  number  of  thermoelements.  Often  the  calculated 
number  of  thermoelements  may  reach  several  hundred.  This  permits 
employing  sources  of  relatively  high  voltage  to  supply  the  thermopiles 
and  to  require  low  operating  currents  from  the  sources. 

The  creation  of  thermopiles,  consisting  of  many  thermoelements,  is 
linked  with  the  necessity  for  manufacturing  a  large  number  of  separate 
arms,  and  thermopiles  assembled  from  these,  and,  what  is  most  important, 
the  interconnection  of  a  large  number  of  thermoelements.  The  connection 
of  the  thermopile  is  one  of  the  basic  operations  in  the  technological 
cycle  of  the  manufacture  of  a  cooling  device.  The  parameters  of  the 


finished  article  to  a  great  extent  depend  on  the  quality  of  the  execution 
*  ot  this  operation. 

In  connection  with  the  fact  that  in  a  majority  of  eases  all  the 
thermoelements  are  connected  in  a  thermopile  in  sciies,  the  improper 
soldering  of  only  one  connecting  plate  or  a  breakdown  in  the  connections 
during  the  u«e  of  the  device  leads  to  a  failure  of  the  entire  apparatus. 

In  addition,  the  necessity  of  employing  smal 1 -dimension  arms  in  low- 
current  thermopiles  transforms  the  switching  process  into  an  extremely 
complex  operation  which  can  only  he  performed  by  highly  qualified  workers, 
t  The  task  is  simpler  in  the  construction  of  a  high-current  pile.  Recti¬ 
fiers  with  industrially  manufactured  germanium  or  silicone  diodes  may 
serve  as  a  source  of  current  for  a  high-current  pile. 

Thus  the  choice  of  a  feed  system  for  a  thermopile  is  quite  an 
important  consideration  and  in  its  solution  not  only  operating,  but  also 
construction-technological  factors  must  be  considered.  When  possible 
one  should  give  preference  to  nigh-current  thermopiles  over  low-current 
piles. 

In  those  cases  when  a  thermopile  is  an  independently  constructed 
finished  sub-assembly,  the  mechanical  connection  of  separate  elements  is 
usually  accomplished  by  me,.ns  of  filling  the  pile  with  epoxy  compounds 
on  the  basis  of  ED-6  resin.  The  choice  of  this  compound  is  governed 
by  the  fact  that  it  possesses  good  adhesive  properties  with  respect  to 
practically  all  materials,  it  is  mechanically  stable  and  has  a  compara¬ 
tively  low  coefficient  of  heat  conductivity.  The  latter  is  particularly 
important,  since  a  reverse  heat  flux  from  the  hot  junctions  of  the  thermo¬ 
pile  to  the  cold  junctions  passes  through  the  compound,  which  lowers  the 
cooling  effectiveness.  The  best  construction  design  is  shown  in  the 
Figure  25.  Epoxy  compound  is  poured  into  the  lower  1  and  the  upper  2 
parts  of  the  thermopile  so  that  the  central  part  (with  respect  to  the 
height  of  the  thermoelement)  has  a  certain  amount  of  air  space.  In  order 
to  prevent  direct  convection  heat  transfer  between  the  hot  and  cold  parts 
of  the  thermoelement  this  air  gap  3  is  filled  with  mipora  [formaldehyde-urea 
foam]  or  foam  plastic.  Thermopile  connections  are  accomplished  after  the 
compound  is  poured  in,  which  permits  future  replacement  of  separate  con¬ 
necting  plates  during  pile  repair. 

Usually  arms  with  a  rectangular  section  are  used  in  thermopiles. 
However,  in  cooling  devices  employing  liquid  heat  removal  and  annular 
thermoelements,  proposed  by  A.  N.  Voronin,  may  be  used. 
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Figure  25.  Diagram  of  a  thermopile  which 
is  filled  with  an  epoxy  compound. 


The  design  of  an  annular  thercmoelement  is  shown  in  Figure  26.  Pre¬ 
viously  pressed  positive  and  negative  arms  1  and  2,  manufactured  in  the 
shape  of  rings,  arc  placed  on  metallic  tubes  3  and  4,  which  are  tinned 
with  a  connecting  alloy.  Tubes  3  and  4  fulfill  the  functions  of  hot 
connecting  plates.  Mica  washer  5  is  placed  between  the  arms.  Metallic 
fing  6  is  placed  on  the  outside  of  the  thermoelement,  and  this  forms  the 
cold  connecting  plate. 


Figure  26.  A  section  of  an  annular 
thermoelement . 


The  inside  ring  is  previously  tinned  with  a  connecting  alloy.  Thus 
prepared,  the  intermediate  product  is  placed  in  a  special  hot  die,  in 
which  the  final  bonding  of  the  semiconductors  is  carried  out  simultaneously 
with  their  connection  to  the  external  and  internal  rings. 

The  individual  annular  thermoelements  are  soldered  to  each  other 
with  a  low-melting  point  solder  and  are  assembled  into  a  pile.  Then 
cold  radiating  plates  are  soldered  to  the  external  rings  of  the  thermo¬ 
elements.  A  current  of  water  is  passed  through  the  internal  cube,  which 
removes  the  heat  from  the  hot  junctions. 
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A  section  of  an  annular  thermopile  assembly  is  shown  in  Figure  27. 
This  is  one  of  the  types  employed  in  an  everyday  refrigerator  with 
liquid  heat  removal.  The  number  of  thermoelements  which  form  the 
annular  thermopile  must  be  such  that  the  sum  of  the  voltage  drop  on  the 
pile  is  less  than  the  difference  in  potential  at  which  the  electrolysis 
of  water  begins  (1.8-2  v).  If  the  number  of  thermoelements  is  so  large 
that  the  total  of  voltage  drop  on  the  pile  exceeds  the  value  indicated 
above,  the  internal  surface  of  the  central  cube  must  be  electrically 
insulated  from  the  water. 


Figure  27-  A  section  of  an  annular  thermopile 
for  a  domestic  refrigerator. 


A  magnetic  field  forms  around  a  thermoelectric  pile  during  operation 
Sometimes  this  exerts  a  negative  influence  on  the  object  undergoing 
cooling.  The  creation  of  special  magnetic  shields  is  not  always  conven¬ 
ient.  Therefore  in  order  to  reduce  the  value  of  the  magnetic  field  of 
the  thermopile,  the  thermoelements  in  the  latter  must  be  distributed  in 
a  manner  permitting  bifilar  current  flow. 

A  similar  design  for  the  distribution  of  thermoelements  in  a  linear 
thermopile  is  shown  in  Figure  28.  Here  the  current  passes  in  opposing 
directions  through  neighboring  rows  of  ther  thermoelements,  and  as  a 
result  the  magnetic  fields  formed  by  this  current  are  mutually  suppressed 


Figure  28.  Diagram  of  the 
distribution  of  elements 
in  a  linear  thermopile 
which  provides  for  the 
partial  suppression  of 
magne  tic  field. 


Figure  29.  Bifilar  distribution 
of  elements  in  a  thermopile. 
(The  path  of  the  current  is 
shown  by  arrows). 


Another  construction  variation  of  the  bifilar  thermopile  is  shown 
in  figure  29.  The  magnetic  field  cf  the  thermoelements  is  distributed 
along  the  external  annular  circuit  nnd  is  balanced  by  the  magnetic  field  of 
the  thermoelements  distributed  along  the  internal  circuit,  in  which  the 
current  flows  in  the  opposite  direction.  It  must  be  noted  that  in  a 
bifilar  thermopile  the  magnetic  field  is  not  completely  eliminated.  The 
best  compensation  for  the  characteristic  magnetic  field  of  the  thermopile 
may  be  obtained  by  introducing  a  supplementary  compensating  winding, 
which  in  its  configuration  duplicates  the  thermoelectric  distribution  in 
the  pile.  It  is  connected  in  series  with  the  pile,  but  in  such  a  manner 
that  the  direction  of  the  current  passing  through  it  is  opposite  to  the 
direction  of  the  current  flow  through  the  pile.  As  a  result,  a  magnetic 
field  is  generated  in  the  compensating  winding  which  has  the  same  config¬ 
uration  as  the  field  in  the  pile,  but  with  an  opposite  sign,  which  results 
in  their  mutual  cancellation. 

§4.  The  Heat  Coupling  of  the  Thermopile 

For  normal  operation  of  a  thermoelectric  cooling  device  it  is  neces¬ 
sary  to  provide  the  most  effect  heat  coupling  of  the  thermopile  with  the 
area  or  volume  subject  to  cooling,  on  the  one  hand,  and  with  the  heat 
transfer  system  on  the  other  hand.  The  heat  coupling  site  must  possess 
low  heat  transfer  resistance  and  high  electrical  resistance.  In  addition, 
a  practical  heat  coupling  must  also  provide  for  reliable  mechanical 
strength  among  the  coupling  sub-assemblies. 
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In  the  first  designs  of  thermoelectric  refrigerators  (l'.)r>u),  the 
heat  coupling  was  provided  by  means  of  mica  washers  15-20  a  in  thickness. 
The  surface  of  the  mica  was  covered  with  a  thin  layer  of  mineral  oil  in 
order  to  provide  the  best  heat  contact.  Heat  flow  through  the  mica 
created  a  parasitic  temperature  drop  of  10-12°  with  heat  fluxes  of  1  w/cm’. 
Since  this  method  of  heat  coupling  did  not  add  to  the  mechanical  strength 
of  the  device,  in  subsequent  designs  of  these  devices  the  coupling  was 
accomplished  by  means  of  aluminum,  on  which  a  thin  layer  (0.5-1  cl  of 
aluminum  oxide  (M  ,0.)  was  created  in  the  required  areas  by  an  electro¬ 
chemical  method.  The  parts  to  he  coupled  were  cemented  together  by  means 
of  an  epoxy  compound.  A  similar  sub-assembly  is  shown  schematically  in 
figure  30.  Here  film  1  of  aluminum  oxide  was  applied  to  plate  2  which  is 
the  base  of  radiator  3.  The  connecting  plates  of  the  hot  junctions  of 
the  thermopile  were  cemented  to  the  oxide  layer,  and  then  the  thermopile 
4  was  assembled  on  the  plates. 


Figure  30.  Diagram  of  the 

heat  coupling  of  a  thermo¬ 
pile  with  an  oxidized 
aluminum  radiating  plate. 


As  a  preliminary  operation,  the  surfaces  of  the  parts  to  be  coupled 
were  surface-lapped.  Due  to  the  epoxy  compound  bond,  this  system  of 
coupling  possessed  sufficient  mechanical  strength.  The  parasitic  drop 
on  the  electrically  insulating  layer  (oxide  *  resin)  amounted  to  3.5°  at 
a  flux  of  1  w/cm-’.  However,  upon  the  breakdown  of  the  electrical 
insulation  between  only  1  connecting  plate  and  the  base,  disassembly 
of  the  entire  thermopile  was  required  which  was  an  extremely  time  con¬ 
suming  operation.  It  became  apparent  that  the  most  technically  feasible 
thermopile  heat  coupling  could  be  achieved  by  individual  heat  junctions, 
the  dimensions  of  which  in  each  specific  case  must  be  determined  by  the 
design  of  the  thermopile.  In  addition,  it  is  extremely  important  that 
the  employment  of  individual  heat  junctions  not  require  the  dis-assembly 
of  the  entire  thermopile  whenever  a  separate  heat  junction  fails.  In 
this  connection,  all  subsequent  designs  of  thermo-cooling  devices  have 
been  based  on  individual  heat  junctions. 
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Five  types  of  heat  junctions  were  developed,  which  differed  from 
each  other  not  only  in  their  technical  parameters,  but  also  in  the 
technique  of  their  manufacture. 

In  1  i> S 8  heat  junctions  consisting  of  2  copper  plates  of  a  specific 
dimensions,  cemented  together  with  a  thcrmoreact i ve  epoxy  compound,  began 
to  lie  employed  in  a  number  of  devices.  Fleet rical  insulation  between  the 
plates  was  provided  by  a  thin  (0. 1-0.2  u)  layer  of  copper  oxide,  obtained 
on  the  copper  surface  by  means  of  processing  in  a  water  solution  of 
potassium  persulfate  and  sodium  hydroxide.1  After  cementing  and  polymer¬ 
ization  of  the  epoxy  resin,  the  heat  junction  was  transformed  into  a 
single  part,  which  was  soldered  into  place  by  means  of  low-melting  point 
solder  between  the  thermopile  in  the  heat  transfer  system.  Among  the 
shortcomings  of  the  cemented  heat  junction  were  the  frequent  occurrences 
of  short  circuits  due  to  mechanical  breakdown  of  the  excessively  thin 
layer  of  copper  oxide.  The  creation  by  chemical  means  of  a  thicker  oxide 
on  the  copper  was  not  possible.  In  addition,  the  layer  of  resin,  which 
was  10-1S  i;  in  thickness,  possessed  relatively  high  heat  transfer 
resistance  as  the  result  of  which  at  heat  flux  densities  of  1  w/cnr 
the  parasitic  temperature  drop  at  the  heat  junction  equalled  3.7°. 

A  subsequent  design  for  an  electrically-insulating  heat  junction 
provided  again  for  the  cementing  of  copper  plates,  but  through  thin 
(0  y)  cable  paper.  This  cementing  was  accomplished  by  means  of  a  thermo¬ 
reactive  epoxy  compound.  In  order  to  reduce  the  thickness  of  the  layer 
of  the  compound  between  the  plates,  the  latter  were  surface-lapped  as  a 
preliminary  step.  The  electrical  insulation  of  the  cemented  heat  junctions 
through  the  paper  was  considerably  higher  than  for  the  oxide  junctions. 
Cases  of  short-circuits  were  practically  not  observed.  This  type  of  heat 
junction  permits  subsequent  soldering  to  be  accomplished  with  higher- 
temperature  solder.  The  construction  of  a  heat  junction  using  paper  as 
the  electrically  insulating  layer,  however,  proved  to  be  time  consuming 
from  a  manufacturing  standpoint,  since  it  was  necessary  to  carefully 
surface-lap  the  copper  plates.  In  addition,  as  a  result  of  residual 
mechanical  stresses  generated  in  the  copper  plates  during  their  mechanical 
processing  and  lapping  in  the  process  of  polymerization  of  the  epoxy 
compound  at  a  temperature  of  160-180° ,  a  certain  amount  of  warping 
occurs  which  leads  to  a  deterioration  in  the  positioning  of  the  heat 
junction  and  a  corresponding  increase  in  its  heat  transfer  resistance. 

In  this  connection  a  new  heat  junction  system  has  been  developed, 
which  is  free  from  the  deficiencies  enumerated  above.  This  heat 
junction  consisted  of  a  copper  plate  surface- finished  on  one  side  with 
a  lathe  or  a  milling  machine.  Then  a  lead  plate,  surface-finished  on 

'The  formula  for  the  bath  and  the  copper  oxidation  method  are  cited 
in  Chapter  IX,  §4. 


-73- 


one  side  (by  etching  or  milling)  was  cemented  by  means  of  a  thermo¬ 
reactive  epoxy  compound  to  the  surface- finished  copper  plate,  with  a 
layer  of  paper  0  u  in  thickness  between  the  two.  A  small  load  is  placed 
on  the  lead  plate  in  order  to  provide  good  adhesion  of  the  lead  to  the 
copper  in  the  resin  polymerization  process.  Subsequent  soldering  to  the 
heat  junction  cf  the  thermoelement  arms  is  accomplished  from  the  side  of 
the  lead  plate,  which  in  this  case  also  serves  simultaneously  as  a 
damping  layer,  which  accepts  the  mechanical  stresses  generated  in  the 
thermoelement . 

On  the  copper-papei -copper  and  copper-paper- lead  heat  junctions, 
at  a  flow  of  1  w/cirr  the  parasitic  temperature  drop  was  equal  to  3.3°. 

A  principally  new  system  of  electrical  insulation  of  the  heat 
junction  was  proposed  by  A.  G.  Shcherhina.  This  crimped  heat  junction, 
which  is  indicated  schematically  in  figure  31,  was  formed  of  two  copper 
ribbons  1  and  4,  U.l  mm  in  thickness,  with  paper  gasket  3,  30-80  in 
thickness,  between  them.  This  packach  is  formed  into  a  "bellows"  on  a 
special  machine,  after  which  it  is  impregnated  with  thermoreactive  epoxy 
compound  2.  As  a  result  of  the  large  surface  of  the  contiguous  copper 
belts,  the  heat  transfer  resistance  between  them,  not  withstanding  the 
relative  thickness  of  the  paper  layer,  is  quite  small.  Copper  washers 
are  soldered  above  and  belcw  the  corrugations  in  order  to  relieve  the 
thin  copper  corrugations  from  the  necessity  of  carrying  the  current 
which  feeds  the  thermopi le .  Soldering  of  the  heat  junction  to  the 
device  is  accomplished  by  means  of  these  washers . 


\ 


Figure  3t  •  Diagram  of  a  crimped 
heat  junction  design. 


The  crimped  heat  junction  of  copper-paper-copper  will  not  operate 
in  a  damp  atmosphere,  which  is  characteristic  of  conditioners  and  some 
other  type  of  devices,  since  the  resistance  of  the  heat  junction  falls 


-74- 


significantly  due  to  the  hygroscopic  paper.  For  operation  under  condi¬ 
tions  of  increased  moisture,  strip  f luoroethy lene  is  employed  as  an 
electrical  insulator  in  place  of  the  paper.  Heat  junctions  employing 
the  f luoroethylene  do  not  lose  their  electrical  insulating  properties 
even  if  they  are  fully  submerged  in  water.  However,  due  to  the  non-wet¬ 
tability  of  the  f luoroethylene  by  the  epoxy  resin,  air  remains  in  the 
corrugations  of  the  heat  junction  and  causes  a  deterioration  in  the 
thermo  and  technical  properties  of  the  junction.  The  parasitic  tempera¬ 
ture  drop,  referred  to  the  same  flow  of  1  w/cnr,  for  a  crimped  heat 
junction  with  fluoroethy lenc  was  equal  to  2.1°,  whereas  the  value  for 
a  crimped  heat  junction  with  paper  was  1.7°. 

Among  the  shortcomings  of  crimped  heat  junctions,  we  must  refer 
to  their  relatively  large  height  (=6  mm),  which  is  particularly  undesirable 
for  multi-stage  thermopiles,  and  the  small  reversible  deformations  of 
the  junction  under  the  influence  of  temperature  changes.  In  many 
thermocooling  devices  these  deform.-'..  -  mis  are  completely  inadmissable . 

Judging  by  all  parameters,  it  must  be  acknowledged  that  the  most 
advantageous  heat  junction  is  one  made  of  ceramic  material,  inserted 
between  two  copper  plates.  The  basic  merits  of  a  ceramic  heat  junction 
in  comparison  with  others  consists  of  its  simplicity,  reliability,  techno¬ 
logical  effectiveness,  superior  electrical  thermal  parameters.  Aluminum- 
oxide  ceramics  (alundum)  are  usually  employed  as  electrical  insulators 
in  heat  junctions.  At  room  temperature  the  coefficient  of  heat  conduc¬ 
tivity  for  this  material  is  practically  the  same  as  that  for  steel.  The 
mechanical  strength  of  alundum  ceramic  material  is  quite  high  (the 
ultimate  tensile  strength  is  1,250  kg/cm2,  and  ultimate  compression 
strength  IS, 000  kg/cm2).  The  most  essential  point  is  that  in  many 
branches  of  industry  --  in  particular,  in  the  capacitor  industry  --  the 
method  of  metulizing  ceramics  has  been  mastered  long  ago,  which  permits 
the  subsequent  soldering  of  ceramic  materials  to  materials  of  metal. 

The  small  coefficient  of  linear  expansion  (~  6  •  10  practically 
eliminates  "creeping"  of  the  heat  junction  under  the  influence  of  changing 
temperatures.  Ceramic  heat  junctions  permit  multi-stage  soldering  with 
all  soft  and  even  hard  solders  with  no  deterioration  in  their  properties. 

It  must  be  noted  that  many  have  the  opinion  that  beryllium  oxide 
ceramics  have  high  prospects  in  heat  junction;  these  opinions  have  no 
basis,  since,  although  beryllium  oxide  possesses  a  phenomenonal ly  large 
coefficient  of  heat  conductivity,  its  extremely  high  toxicity  hardly 
permits  its  application  in  heat  junctions.  Alundum  heat  junctions  possess 
the  lowest  known  parasitic  temperature  drops.  Kith  a  flux  density  of 
1  w/cm2  the  junction  drop  was  equal  to  1.3°.  The  dependencies  of  the 
experimentally  obtained  parasitic  temperature  drops  for  various  types 
of  heat  junctions  on  flux  density  are  shown  in  Figure  32. 
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Figure  32.  Parasitic  temperature*drop 
dependence  on  heat  flux  value 
for  various  heat  junctions. 

1,  oxidized  cemented  joints;  2,  cement 
and  paper;  2,  corrugated  (with 
f 1 uoroethy lene) ;  U ,  corrugated 
(with  paper);  5,  ceramic 


It  is  not  without  interest  to  note  that  there  is  still  another 
method  of  fabricating  a  ceramic  heat  junction.  This  method  is  as  follows. 
First  a  copper  base  is  spray-coated  with  a  layer  of  aluminum  oxide 
0.2-0.S  mm  in  thickness.  Then,  on  top  of  this  layer,  a  coating  of 
copper  is  sprayed  to  a  thickness  of  1-1.5  mm.  After  appropriate  thermal 
normalization  and  mechanical  processing  a  ceramic  heat  junction  with 
sufficiently  high  electrical  and  thermal  properties  is  obtained. 

When  the  heat  flux  through  a  heat  junction  exceeds  3  w/cm2  and  it 
is  not  possible  to  expand  the  surface,  it  is  possible  to  employ  the 
design  schematically  represented  in  Figure  33. 


Figure  33.  A  section  of  a  , heat 
junction  design  for  high 
heat  flux  values. 
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Copper  plate  4  is  soldered  to  altrunum  nipple  3,  which  is  placed  in 
copper  part  1,  which  contains  channel  2  for  the  passage  of  heat- 
dissipating  water.  The  surface  of  the  aluminum  nipple  is  covered  with 
a  thin  coating  (1-3  u)  of  aluminum  oxide  by  the  electro-chemical 
anodising  method,  after  which  the  nipple  is  filled  with  low  melting-point 
alloy  S.  A  simi'ar  heat  junction  is  employed  in  several  types  of 
high-vacuum  thermoelectric  collectors. 

§5.  The  Design  of  Heat  Transfer  Systems 

The  heat  transfer  system  serves  to  remove  heat  from  the  hot  thermo¬ 
pile  junctions.  One  of  three  basic  types  of  heat-transfer  systems  are 
employed  in  thermoelectric  cooling  devices;  these  are  a  radiator  with 
natural  convection  heat  exchange,  a  radiator  with  forced  heat  removal, 
and  the  liquid  system.  Depending  on  the  design  and  the  operating  condi¬ 
tion  of  the  thermoelectric  device,  one  of  the  methods  enumerated  above 
may  be  used.  Radiator  systems  with  natural  convection  are  the  simpliest 
in  construction,  but  are  the  least  effective.  These  systems  are 
employed  in  low-current  thermopiles  and  utilizing  thermoelements  which 
are  distributed  over  a  relatively  large  area.  The  transfer  of  1  w  of 
heat  output  by  means  of  a  natural  convection  radiator  requires  approxi¬ 
mately  2.5  cm2  of  plate  area.  As  a  result,  such  systems  possess  large 
dimensions  and  a  great  deal  of  weight.  The  best  material  for  the 
fabrication  of  the  radiator  is  any  type  of  copper,  or,  if  it  is  possible, 
pure  aluminum  of  the  "A-OQ"  or  "A-0"  type. 

Soldering  of  the  plates  to  the  base  of  the  radiator,  when  copper 
is  used,  is  accomplished  with  PSR-15  F5  hard  solder  (sil’fos')-  An 
aluminum  radiator  is  soldered  with  tin  with  the  aid  of  34-A  flux.  In 
any  construction  design  the  radiator  fin  should  always  be  arranged 
vertically.  A  horizontal  arrangement  of  the  radiator  fins  is  many 
times  less  effective.  The  surface  of  the  fins  must  be  blackened  in  order 
to  improve  the  coefficient  of  heat  exchange.  The  copper  fins  may  be 
blackened  by  oxidation  in  potassium  persulfate.  Aluminum  radiators  are 
oxidized  and  then  painted  a  black  color  with  aniline  pigments.2 

By  virtue  of  a  large  coefficient  of  heat  transfer,  air  radiators 
with  forced  heat  removal  are  significantly  more  compact  and  lighter  than 
radiators  with  natural  convection  heat  exchange.  Copper  or  pure  aluminum 
may  again  serve  as  materials  for  the  radiator.  In  contrast  to  the 
radiator  systems  described  above,  this  system  does  not  require  a  linear 
distribution  of  radiator  plates  and  is  a  vertical  arrangement.  Radiators 
with  a  blower  very  often  have  a  circular  shape,  since  the  spatial 

^he  meaning  of  this  term  is  not  known.  It  may  be  a  trade  name  for 
a  type  of  hard  solder.  Tr. 

2A  method  of  blackening  copper  and  aluminum  is  described  in  Chapter  IX, 
§4. 
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distribution  of  the  plates  has  no  significance.  Ventillation  of  the 
radiator  system  is  usually  accomplished  by  means  of  a  small  electric 
motor  operating  at  high  rpm  (9-10  thousand  rpm) . 

The  axle  of  the  motor  is  attached  to  a  3  or  0-blaJed  impeller  with 
a  blade  angle  of  30°.  The  direction  of  the  rotation  of  the  blades  must 
be  such  that  the  fan  operates  not  as  an  air  injector,  but  as  an  air 
suction  device.  This  requirement  is  established  by  the  fact  when  the 
fan  is  operating  at  the  air  output,  the  airflow  which  passes  over  the 
radiator  also  blows  on  the  electric  motor,  which  creates  better  operating 
conditions  for  the  motor.  In  the  opposite  case,  when  the  fan  is 
operating  at  the  air  input,  heat  released  by  the  motor  would  pass 
over  the  radiator,  lowering  its  efficiency.  With  a  linear  distribution 
of  the  radiator  plates,  their  length  must  not  be  too  great,  since  this 
increases  the  aerodynamic  resistance  of  the  radiator,  causing  a  deter¬ 
ioration  in  the  radiator  parameters. 

As  we  will  discuss  later  is  greater  detail  (Chapter  Ill,  §2),  radiator 
systems  with  forced  cooling  can  be  constructed  with  a  linear  distribution 
of  fins  (figure  34,  1)  or,  a  better  solution  is  with  fins  shorter  in 
length  (Figure  34,  2).  If  the  value  of  the  aerodynamic  resistance  of 
the  radiator  does  not  play  a  significant  role,  i.e.,  if  the  ventillator 
has  reserve  power,  it  is  possible  to  recommend  a  radiator  system  in 
which  the  even  rows  of  short  plates  along  the  airflow  are  inclined 
somewhat  with  respect  to  the  plates  of  the  uneven  rows  (Figure  34,  3). 

The  angle  of  inclination  must  not  exceed  15-20°.  A  radiator  of  this 
type  operates  very  effectively. 


Figure  3^-  The  design  of  linear 
radiator  systems  operating  under 
a  condition  of  forced  air  heat  removal. 
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In  the  design  of  a  radiator  system  of  the  annular  type,  it  is 
necessary  to  bisect  the  airflow  in  order  to  decrease  the  air  passage  length, 
as  shown  in  Figure  35.  Here  the  plane  of  hot  junctions  of  thermopile  1 
is  soldered  to  the  body  of  radiator  2.  Annular  fins  3  are  cut  directly 
into  the  body  of  the  radiator.  The  exterior  surface  of  the  radiator 
plates  are  covered  with  cylindrical  casing  4,  to  which  a  pipe  containing 
small  electric  motor  S  is  soldered.  The  airflow  created  by  impeller  6 
is  drawn  through  the  opening  in  casing  7,  flows  around  both  sides  of  the 
radiator  plates,  and  is  exhausted  through  the  pipe. 

;  $6t  producible 


Figure  The  design  of  an  annular  radiator  system 
operating  under  a  condition  of  forced  air  heat 
renova  1 . 


Let  us  examine  the  basic  design  variations  of  liquid  heat  transfer 
systems.  In  the  simpliest  system  the  jacket  is  attached  to  a  metallic 
collector  of  the  hot  junctions  and  circulating  water  flows  through  the 
jacket . 

A  second  variation  provides  for  the  fabrication  of  wnter  channels 
directly  in  the  body  of  the  collector.  From  the  standpoint  of  design 
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in  technological  considerations,  the  most  efficient  method  is  to  establish 
channels  for  the  passage  of  the  water  directly  within  the  hot  connecting 
plates.  In  a  number  of  devices  described  in  Chapter  III,  liquid  heat 
removal  is  accomplished  in  this  manner. 

figure  3o  shows  .»  design  for  a  water  system  of  heat  transfer  which 
is  employed  in  a  mierotomic  stand  and  in  a  microrefrigerator  for 
laboratory  purposes.  Brass  slugs  of  square  section  1  are  equipped 
with  channels  2,  through  which  the  water  passes  from  connecting  pipe  3. 

The  slugs  are  electrically  isolated  from  each  other  by  pressboard 
washers  4.  The  washers  have  water  passage  openings  in  the  proper  places. 
After  the  sub-assembly  has  been  prepared  in  this  manner,  it  is  cast  in 
thermoreactive  epoxy  compound  5,  and  is  then  subject  to  mechanical 
processing. 


Figure  36.  A  system  cf  liquid  heat 
removal  installed  directly  in 
the  hot  connecting  plates. 


The  thermoelements  are  soldered  directly  to  the  slugs,  which 
eliminates  noticeable  parasitic  temperature  drops.  A  similar  heat 
transfer  system  may  operate  at  high  heat  flows,  up  to  10-20  w/cm2. 

Several  types  of  cooling  devices,  according  to  the  conditions  of 
their  operating,  cannot  be  connected  directly  to  the  electrical  and 
water  supply  systems.  A  number  of  thermoelectric  cooling  devices 
described  in  part  III  (Chapter  XI 13  may  serve  as  an  example.  In  this 
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case  the  electrical  supply  to  the  device  is  accomplished  by  means  of 
a  flexible  cable  of  PShch  wire.  However  the  necessity  of  delivering 
large  currents  to  devices  is  associated  with  the  employment  of  current 
carrying  wires  of  large  cross-section,  which  creates  a  certain  amount 
of  inconvenience  in  employing  the  devices.  Moreover,  in  this  case  in 
addition  to  the  current  conducting  wires,  two  hoses  for  water  input  and 
output  must  also  be  connected  to  the  device. 

In  similar  thermocooling  devices  a  combined  electrical  and  water 
supply  system  may  be  employed.  The  diagram  for  this  system  is  shown 
in  Figure  57.  Here  the  current-carrying  busbar  1,  which  is  manufactured 
of  PShch  cable,  is  enclosed  within  rubber  pipe  4.  There  is  a  gap  between 
the  pipe  and  the  busbar,  through  which  the  water  passes.  At  locations  7 
the  busbar  is  attached  to  terminal  sub-assembly  2  and  to  coupling  sleeve 
5,  which  is  connected  to  the  thermopile.  The  water  which  passes  through 
connecting  pipe  5  flows  around  the  busbar  and  passes  through  opening  6. 

A  second  cable  of  an  analogous  design  is  connected  to  the  appratus  and 
furnishes  the  second  pole  of  the  electrical  feed  and  the  water  output. 
Such  a  system  allows  a  significant  reduction  in  the  cross-section  of  the 
current-carrying  busbar,  since  the  latter  is  constantly  immersed  in 
water.  Thus,  for  example,  in  a  thermoelectric  cryoextractor  a  flexible 
current-carrying  busbar  utilizing  a  wire  of  only  3  mm2  passes  a  current 
of  00  a. 
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Figure  37.  A  section  of  a  combined  water  and  current  supply. 


§6.  The  Operating  Chamber  of  the  Device 

If  a  thermoelectric  device  is  intended  to  provide  a  reduction  in 
temperature  in  a  certain  operating  chamber  volume,  certain  construction 
requirements  must  be  met. 

The  operating  chamber  of  the  device  must  be  constructed  of  material 
which  possesses  good  heat  conductivity  (copper  or  aluminum).  This  is 
required  in  order  to  equalize  the  temperature  within  the  chamber  volume. 
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In  order  to  provide  good  heat  coupling  between  the  operating 
chamber  and  the  thermopile,  the  latter  must  be  connected  with  electrically- 
insulated  heat  junctions,  described  above,  and  the  operating  chamber 
must  be  soldered  to  these  junctions.  In  order  to  prevent  heat  flow 
from  the  surrounding  medium  into  the  operating  chamber,  the  latter  must 
be  protected  by  a  layer  of  heat  insulation.  Its  thickness  is  determined 
by  calculation  (Chapter  V,  §2). 

foam  plastic  or  some  other  material  possessing  a  low  coefficient 
of  heat  conductivity  is  employed  as  a  heat  insulating  material.  Basic 
data  concerning  several  heat  insulating  materials  are  shown  in  '(able  2. 

In  specific  cases  it  is  possible  to  employ  mipora.  However,  foam  plastic 
possesses  a  number  of  advantages  over  mipora.  But  one  of  these  consists 
of  the  fact  that  foam  plastic  is  easily  formed  mechanically,  and  therefore 
variously  shaped  parts  may  be  manufactured  from  it. 


Table  2 


Basic  Data  Concerning  Several  Heat  Insulating  Materials 


Heat  Insulating  Material 

Sped  f  i  c  Gravi  ty  , 
g/cm3 

Coefficient  of 
heat  conductivity 
kCal/rrr  •  h  •  deg 

Mipora 

0.02 

0.36  -  0.12 

Foam  p  1  as  1 1 c 

0.005  *  0.015 

0.03  -  0.08 

Aeroge 1 

0.009 

0.023 

Foam  glass 

0.5 

0.1  -0.15 

Foam  polystyrene 

0.016 

0.035 

Polyurethane 

0.012 

0.02 

Glass  wool 

0.04 

0.07 

We  point  out  the  possibility  of  creating  a  thermocooling  device 
design  in  which  the  parasitic  heat  flow  into  the  operating  chamber  from 
the  surrounding  medium  is  reduced  to  a  significant  extent.  This  is 
achieved  by  means  of  distributing  a  thermopile  along  all  sides  of  a 
rectangular  operating  chamber.  In  this  case  the  necessity  for  heat 
insulation  of  the  chamber  of  the  device  no  longer  arises. 

One  of  the  variations  of  an  experimental  thermoelectric  microchamber, 
described  in  chapter  IX,  §2,  serves  as  an  example  of  a  chamber  of  this 
type . 


In  case  a  necessity  of  constructing  a  device  possessing  significant 
refrigerating  capacity  but  with  a  relatively  limited  operating  chamber 
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volume,  the  thermopile  is  constructed  in  several  independent  parts, 
each  of  which  is  soldered  to  the  chamber  at  the  appropriate  place. 

A  second  type  of  experimental  thermoelectric  microchamber  (Chapter 
IX,  §2)  was  constructed  in  exact  accordance  with  this  principle.  Thermo 
electric  2-stage  thermopiles  were  soldered  to  the  four  side  surfaces  and 
to  the  bottom  of  a  copper  chamber.  Such  a  design,  in  addition  to 
providing  a  relatively  high  refrigerating  capacity,  eliminates  the 
generation  of  a  noticeable  temperature  gradients  within  the  chamber, 
which  is  unavoidable  when  the  thermopiles  are  distributed  on  only  one 
side  of  the  chamber  (usually  on  the  bottom). 
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CHAPTER  VI  I 

Methods  of  Heat  Removal  From  Thermocooling  Devices 

It  has  been  pointed  out  previously  that  the  minimum  temperature  on 
the  cold  junctions  of  a  thermobattery  is  achieved  when  the  heat  which  is 
released  from  the  hot  junctions  is  eliminated;  therefore,  the  normal 
operation  of  any  thermocooling  device  depends  to  a  great  extent  on 
the  effectiveness  of  the  heat  transfer  system.  The  selection  of  one  or 
another  heat  transfer  system  depends  on  a  series  of  factors,  which 
depend  on  the  construction  of  the  device  and  the  conditions  surrounding 
its  application. 

Several  methods  of  heat  transfer  arc  described  in  this  chapter  which 
arc  used  in  thermocooling  devices  operated  under  stationary  and  non¬ 
stationary  conditions.  Here  various  methods  arc  discussed  for  the  removal 
of  heat  from  the  thermocooling  devices  which  in  accordance  with  operating 
conditions  must  operate  for  a  limited  amount  of  time  in  a  self-contained 
apparatus . 

61.  A  Radiator  System  with  Natural  Convection  Heat  Exchange 

In  many  designs  for  thermoelectric  cooling  devices  an  air  radiator 
with  natural  convection  heat  exchange  is  employed  as  the  heat  transfer 
system.  Much  work  has  been  devoted  to  the  problem  of  the  design  of 
suitable  systems;  however  in  a  majority  of  these  purely  qualitative 
calculations  are  given.  It  is  not  always  convenient  to  employ  the 
relationships  cited  in  these  publications  in  the  engineering  design  of 
a  radiator  system.  At  the  same  time  it  is  known  that  a  radiator  system 
which  satisfies  practical  requirements  may  be  designed  with  approximation 
equations  which  significantly  simplify  the  design  method. 

We  shall  show  the  design  of  a  radiator  system  with  equidistant 
flat  fins,  which  is  most  often  encountered  in  practice.  The  following 
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must  be  given  as  the  initial  design  data: 


1)  the  permissible  temperature  drop  between  the  radiator  and  the 
surrounding  air; 

2)  the  heat  output  released  at  the  hot  thermopile  junctions,  which 
must  be  dissipated  by  the  radiator; 

3)  the  radiator-air  heat  transfer  coefficient; 

4)  the  coefficient  of  heat  conductivity  for  the  material  from  which 
the  radiator  plates  are  manufactured. 

The  area  of  a  radiator  system  with  natural  convection  heat  removal 
may  be  determined  with  a  sufficient  degree  of  accuracy  by  the  relationship 


where  F  is  the  sum  of  the  area  of  all  heat  exchange  surfaces  of  the 
radiator,  m-  ;  Q  is  the  heat  output  which  the  radiator  must  remove  from 
the  thermopile,  heal/h;  a  is  the  radiator-air  heat  transfer  coefficient 
(kCai/iir  •  h  *  deg]  ;  2>T  is  the  permissible  temperature  drop  between  the 
radiator  and  the  surrounding  air. 

The  numerical  value  of  the  heat  transfer  coefficient  under  conditions 
of  natural  convection  heat  exchange  usually  lies  within  the  limits  of 
3-5  kCal/m-  •  h  •  deg.  However,  the  value  of  this  coefficient  depends 
on  a  number  of  factors;  the  first  of  these  is  the  spatial  distribution 
of  the  radiator  plates.  In  order  to  calculate  the  numerical  value  of 
the  heat  exchange  coefficient  for  radiator  systems  of  various  arrangements, 
we  may  employ  the  relationships  shown  below: 

a)  for  a  radiator  equipped  with  a  system  of  horizontally  distributed 

fins , 


—  ■  1 ; .  1. 


b)  for  a  radiator  with  a  system  of  vertically  distributed  fins, 
with  the  opening  upward. 


,  ,v 
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c)  for  a  radiator  with  a  system  of  vertically  distributed  fins  with 
the  opening  downward, 


where  if  is  the  temperature  difference  between  the  radiator  and  the 
surrounding  air;  L  is  the  height  of  the  vertical  surface  of  the  radiator 
plates,  m;  l  is  the  shortest  side  of  the  horizontal  surface  of  the 
radiator  plates,  m. 

In  order  to  calculate  the  convection  heat  exchange  of  the  front 
surfaces  of  the  radiator  plates  with  the  surrounding  medium,  we  may  use 
the  equation 


where  6  is  the  thickness  of  the  radiator  plate,  mm. 

In  calculating  the  effectiveness  of  the  air  radiator  system,  basically 
we  must  keep  in  mind  the  coefficient  of  the  convection  heat  exchange 
between  the  surface  of  the  radiator  and  the  surrounding  medium.  However 
in  addition  to  convection  heat  exchange,  radiation  heat  exchange  also 
plays  a  role  in  the  process  of  heat  transfer  from  the  radiator.  It  was 
established  in  the  work  by  G.  N.  Pokrovkaya  that  even  at  low  temperatures 
the  extent  of  the  radiating  power  of  the  radiating  surface  plays  a 
rather  significant  role  in  the  heat  exchange  process.  Conclusions  were 
made  on  this  basis  that  the  surface  of  the  fins  of  the  air  radiator 
system,  even  those  operating  at  low  temperatures  (20-50°)  must  be  fabri¬ 
cated  in  order  to  provide  for  a  maximum  radiation  capability. 

In  order  to  calculate  the  coefficient  of  heat  exchange  between  the 
radiator  and  the  surrounding  medium  as  a  result  of  radiation,  we  may, 
with  sufficient  accuracy  employ  the  following  relationship: 


••  '  '  ;  \ 1 
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here  T  is  the  average  temperature  of  the  radiator,  °K;  Tc  is  the  tempera¬ 
ture  of  the  surrounding  medium,  °K;  b  i«  the  distance  between  the  fins, 
m;  ii  is  the  height  of  the  fins,  m;  l  is  the  emissivity  of  the  radiator 
f  ins . 

The  emissivity  of  various  materials  from  which  radiator  systems 
may  be  constructed  or  with  which  they  may  be  coated  is  shown  in  Table  3. 


Table  3 


The  Emissivity  of  Various  Materials  Employed  in  the  Manufacture 
and  Coating  of  Radiator  Systems 


Materi al 

Tempe  rature  , 

°  C 

Em i  ss i v i tv 

Po 1 i shed  al umi num 

50-100 

0.04-0.06 

Aluminum  with  a  rough  surface 

20-50 

0.06-0.07 

Heavily  oxidized  aluminum 

50-500 

0.2-0. 3 

A 1 umi num  pai  nt 

20 

0.2-0. 3 

Rol led  brass 

20 

0.06 

Roughened  brass 

20 

0.2 

Polished  copper 

50-100 

0.02 

Scraped  copper 

20 

0.02 

Oxidized  copper 

50 

0.6 

Sheet  steel 

50 

0.56 

Oxidized  sheet  steel 

50 

0.88 

Black  Matte  laquer 

40-100 

0.96-0.98 

Glossy  black  laquer 

20 

0.87 

Lamp  black 

20-400 

0.95 

Carbon  black  with  water  glass 

20-200 

0.96 

Black  glossy  shellac  on  iron 

20 

0.92 

As  we  have  pointed  above,  the  relationship  shown  for  the  calculation 
of  a  natural  convection  radiator  system  is  to  a  certain  extent  an 
approximation;  however,  it  does  permit  obtaining  the  required  practical 
calculations  with  an  error  not  exceeding  10-1SV 

If  with  natural  convection  heat  exchange,  the  coefficient  u  usually 
equals  3-5,  then  with  forced. air  cooling  of  the  radiator  system,  value 
a  increases  to  100.  Therefore  in  a  radiator  system  with  forced  cooling 
the  radiator  plate  area  may  be  significantly  reduced.  However,  in  a 
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design  of  radiator  systems  with  forced  heat  removal  a  number  of  additional 
conditions  arise  which  arc  determined  by  the  distance  between  the  fins, 
the  height  and  length  of  the  fins,  the  degree  of  roughness,  the  flow  rate 
of  the  air  and  a  number  of  other  factors. 

§2.  A  radiator  System  with  Forced  Heat  Removal 

As  we  have  already  indicated  above  (Chapter  I,  53),  in  radiator 
systems  with  forced  heat  removal  (by  blowing)  the  radiatnr-air  heat 
transfer  coefficient  may  reach  a  value  of  100  and  higher,  i.e.,  almost 
1  1/2  orders  of  magnitude  higher  than  in  the  case  of  natural  convection 
heat  removal.  However,  due  to  complexity  of  the  design  of  radiator 
systems  with  forced  heat  removal,  there  is  practically  no  material  on 
this  subject  in  any  of  the  textbooks  in  heat  engineering  and  thermophysics . 
We  shall  employ  the  calculations  of  A.  M.  Ramadan,  which  are  cited  below, 
although  these  calculations  car.iot  pretend  to  complete  mathematical 
accuracy. 1 

In  a  case  when  tlie  radiator  system  is  soldered  to  the  hot  connecting 
plates  of  the  thermoelectric  pile  through  the  corresponding  heat  junctions, 
and  disregarding  parasitic  temperature  drops  on  the  heat  junctions,  the 
radiator  heat  removal  value  will  lie  determined  by  the  relationship : 


(72) 


Here  Q  is  the  quantity  of  heat  subject  to  removal  by  the  radiator;  Fj  is 

the  radiator  plate  surface  area;  F,  is  the  area  of  the  base  between  the 

ribs;  F„  ~  F  *  F,  is  the  total  heat  transfer  area  of  the  radiator;  a 

is  the  average  heat  transfer  ^efficient;  t^  is  the  temperature  of  the 

hot  junction  of  the  thermopile;  t-  is  the  temperature  of  the  surrounding 

medium;  B  is  the  fin  coefficient,  equal  to  the  quotient  of  the  division 
of  the  full  heat  exchange  surface  of  the  radiator  by  the  total  area  of 
the  base  of  the  radiator;  Cj  is  a  coefficient  which  characterizes  the 

locus  of  the  radiator  connection  to  the  thermopile,  which  is  defined  as 
the  quotient  resulting  from  the  division  of  the  total  area  of  the  hot 

^The  materials  in  this  paragraph  have  been  taken  from  a  dissertation 
by  A.  M.  Ramadan,  Heat  Transfer  Intensification  in  Thermoelectric  Cooling 

Devices,  completed  at  the  Leningrad  Technological  Institute  of  the 
Refrigerating  Industry  in  1963. 
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junctions  of  the  semiconductors  by  the  total  area  of  the  hot  connecting 
plates;  C is  a  coefficient  which  characterizes  the  heat  transfer 

a. 

resistance  between  the  hot  junctions  of  the  thermopile  and  the  base  of 
the  radiator  system,  equal  to  the  quotient  resulting  from  the  division 
of  the  average  temperature  of  the  base  of  the  fin  by  the  temperature  of 
the  hot  junction  of  the  thermopile. 

The  value  l  ,  as  a  part  of  equation  (72),  is  called  the  average 

3V 

effectiveness  of  the  radiator  fins  and  is  defined  as 


here  t,  is  the  average  temperature  of  the  radiator  fin;  t^  is  the  average 
temperature  of  the  radiator  base. 

It  is  apparent  from  the  formula  shown  that  in  order  to  increase  the 

effectiveness  of  the  radiator  it  is  necessary  to  increase  fin  coefficient 

B,  fin  effectiveness  l  and  the  fin  heat  transfer  coefficient  a 

av  av 

The  average  heat  transfer  coefficient  of  the  radiator  system  may  be 
determined  in  accordance  with  the  equation 


where  t.  is  the  average  temperature  of  the  base  of  the  fin;  the  remaining 
values  in  this  equation  were  explained  above. 

In  forced  air  cooling,  just  as  in  radiator  systems  with  natural 
convection  heat  removal,  the  basic  resistance  to  the  flow  of  heat  from 
the  fin  to  the  surrounding  medium  is  concentrated  in  a  fin  boundary  layer 
of  air  near  the  side  of  the  fin.  The  heat  transfer  coefficient  from  the 
surface  of  t lie  fins  increases  with  the  decrease  in  the  thickness  of  this 
boundary  layer.  It  has  been  established  that  in  tubular  heat  exchangers, 
through  air  is  being  passed,  the  heat  exchange  coefficient  depends  to 
a  great  extent  on  the  ratio  of  the  lengtn  (L)  of  the  pipe  to  its  diameter 
(b) .  With  a  decrease  in  the  value  of  this  ratio  the  heat  transfer 
coefficient  increases  as  a  result  of  the  fact  that  an  air  boundary  layer 
of  significant  thickness  does  not  form  on  the  internal  surface  of  a 
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short  tube.  In  tins  connection  a  radiator  system  with  forced  heat 
removal  must  be  constructed  in  the  form  of  individual  short  laminated 
fins,  which  are  distributed  linearally  with  a  gap  between  them.  An 
important  value  characterizing  a  radiator  system  with  forced  air  cooling 
is  the  hydrodynamic  frictional  resistance  which  is  encountered  by  the 
air  flow  moving  along  the  radiator  plates,  for  a  radiator  system  consist¬ 
ing  of  a  linearally  distributed  fin  with  a  gap  along  the  length,  the 
value  of  the  hydrodynamic  resistance  is  determined  from  the  equation 


where  AH  is  the  static  pressure  differential  at  the  input  and  output 
of  the  radiator,  Ny  is  the  air  mass  flow  rate  (kg/m?  •  sec),  which  etuals 


where  f  is  the  sum  of  the  area  of  the  transfer  section  of  the  radiator, 
m2 ;  G  is  the  mass  rate  of  air  flow,  kg/h. 

The  dependence  of  the  value  of  the  average  heat  exchange  coefficient 
on  the  mass  rate  of  air  flow,  determined  for  a  radiator  with  a  linear 
distribution  of  fins  with  a  gap,  is  shown  in  Figure  38  (curve  1).  Curie 
(2),  which  is  shown  on  the  same  graph  for  comparison,  was  obtained  for 
a  radiator  with  linearally  distributed  ribs  without  a  gap.  The  geo¬ 
metric  dimensions  of  the  radiators  implovcJ  are  shown  below. 

For  a  Radiator  with  a  Gap 


The  length  of  the  radiator  plate  along  the  air  flow  6.25  mm 

Height  of  the  plate  30  mm 

Thickness  of  the  plate  0.2  mm 

Distance  between  plates  1.5  mm 

Size  of  the  gap  between  groups  of  fins  1.25  mm 

Number  of  stacks  of  plates  in  the  radiator  35 

Ratio  L/d  .  2 

ek 
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For  4  Radiator  Without  a  Gap 


Length 

of 

the 

plate 

260 

mm 

Height 

of 

the 

pl« 

ite 

30 

mm 

Th i ckness 

of 

the 

pi  ate 

0. 

2  mm 

Di s  tan 

ce 

between 

plates 

3 

mm 

Ratio 

l/d 

ek 

k  ft 

It  is  apparent  from  Figure  38  that  the  average  heat  transfer 
coefficient  for  fins  with  a  gap  is  almost  twice  as  high  as  for  radiators 
without  a  gap  in  the  plates.  It  has  also  been  determined  experimentally 
that  the  value  of  the  gap  does  not  significantly  influence  the  radiator 


effectiveness . 


> 

<u 

* 

Wy ,  kg/m?  •  sec 

Figure  38.  The  dependence  of  the 
average  heat  exchange  coefficient 
(a  )  on  the  mass  rate  of  air 

flow  (Wy)  passing  through  the 
radiator. 
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Figure  39-  Static  pressure  dif¬ 
ferential  (AH  )  for  air 

S 

passing  through  the  radiator 
as  a  function  of  mass  rate  of 

f  1  ow  (Wy  )  . 


Static  pressure  differential  dependence  on  mass  rate  of  air  flow 
is  shown  in  Figure  39.  Curve  1  corresponds  to  a  radiator  system  without 
a  gap,  and  curve  2  to  a  system  with  a  gap.  The  parameters  of  the  radiators 
investigated  are  the  same  as  those  shown  above.  It  is  apparent  from 
this  graph  that  the  statid  pressure  differential  for  a  radiator  with  a 
gap  is  significantly  higher  than  for  a  radiator  without  a  gap.  This, 
however,  was  to  be  expected,  since  in  a  radiator  system  with  gaps,  airflow 
turbulence  is  significantly  higher  than  in  a  radiator  with  continuous 
fins.  Therefore  it  is  natural  that  a  radiator  with  a  gap  would  have  a 


-91- 


large  coefficient  of  friction  in  comparison  to  a  radiator  that  is 
continuous.  It  was  also  established  that  the  value  of  the  coefficient 
of  friction  is  inversely  proportional  to  the  ratio  L/uek  of  the  radiator. 

A  change  in  the  length  of  the  gap  between  the  ribs  does  not  significantly 
change  the  coefficient  of  friction. 

The  following  preliminary  conclusions  may  be  drawn  on  the  basis 
of  what  has  already  been  stated. 

1.  In  utilizing  a  radiator  with  linear  distribution  of  plates,  gaps 
must  be  employed  along  the  plates,  the  number  of  which  is  determined  by 
the  construction  of  the  thermopile  and  the  dimensions  of  the  radiator, 
but  the  dimensions  of  these  gaps  must  lie  within  the  limits  of  1-10  mm. 

2.  If  the  construction  of  the  thermopile  permits,  the  radiator  plate 
must  be  fabricated  in  a  manner  that  allows  the  base  to  serve  simultaneously 
as  the  connecting  plate  of  the  thermoelement. 

3.  The  geometry  of  the  radiator  must  be  such  that  the  ratio 
lies  within  the  limits  of  2-5. 

§3.  Spike  Radiator  Systems 

One  of  the  merits  of  thermoelectric  cooling  devices  is  a  possibility 
of  creating  concentrated  thermopiles  in  which  individual  thermoelements 
are  distributed  close  to  each  other.  However,  a  concentration  of 
thermoelements  on  the  small  surface  of  the  thermopile  requires  the 
creation  of  effective  compact  heat  exchange  surfaces  from  the  side  of 
the  hot  junctions. 

The  employment  of  radiators  with  natural  convection  heat  exchange, 
due  to  low  values  of  the  heat  exchange  coefficient,  does  not  permit  the 
construction  of  the  compact  system  of  heat  transfer.  Radiator  systems 
with  forced  air  cooling  permit  attaining  heat  exchange  coefficients  from 
8-10  times  higher  than  in  systems  with  natural  convection  cooling. 

It  is  known  that  for  these  systems  the  heat  exchange  coefficient 
of  the  laminated  fins  depends  on  the  rate  of  gas  flow  and  on  the  geometry 
of  the  relative  distribution  of  the  radiator  plates.  In  this  connection, 
a  decrease  in  the  width  of  the  plate  in  the  direction  of  the  flow  of  the 
cooling  air  leads  to  an  increase  in  the  heat  exchange  coefficient.  However, 
a  significant  decrease  in  the  width  of  the  radiator  plates  with  a  given 
plate  thickness  leads  to  an  increase  in  the  temperature  difference  along 
the  height  of  the  fin,  which  during  intensive  heat  transfer  almost 
completely  cancels  the  advantage  gained  in  increasing  the  heat  exchange 
coef  ficient . 
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Heat  transfer  effectiveness  of  a  radiator  plate  equipped  with  forced 
draft  may  be  increased  to  a  certain  extent  if  the  plate  has  a  large 
heat  conducting  section  with  respect  to  its  perimeter.  A  spike  is  a 
fin  of  this  type.  Such  radiator  systems  are  called  spicular. 

A  number  of  experiments  were  carried  out  in  order  to  investigate 
the  coefficient  of  heat  transfer  of  spicular  radiator  systems  operating 
under  conditions  of  natural  convection.  As  a  result  of  these  experiments 
it  was  established  that  for  a  system  of  spikes,  distributed  in  a  staggered 
fashion,  air  flow  turbulence  in  the  radiator  system  sharply  increased 
its  aerodynamic  resistance.  At  the  same  time  a  noticeable  increase  in  the 
coefficient  of  heat  transfer  occurred  at  an  air  flow  rate  of  0.04-0.05 
m/sec,  which  corresponds  to  Reynolds  number  Re  =  0.  With  a  required 
temperature  drop  between  the  radiator  and  the  surrounding  medium  of 
4-5°,  sjch  a  rate  of  air  flow  cannot  le  provided  under  conditions  of 
natural  convection. 

With  forced  draft  spicular  radiator  systems  the  heat  transfer 
coefficients  may  be  significantly  increased  and  may  reach  values  of 
100-200  kCal/m^'  •  h  •  deg. 

Let  us  examine  the  general  characteristics  of  the  operation  of  a 
spicular  radiator  system  operating  with  forced  air  cooling.  The  forced 
draft  of  an  individual  spike  with  a  circular  section  with  Re  =  0.25  is 
characterized  by  a  smooth  flow  around  the  spike.  When  Re  =  2,  a  notice¬ 
able  flow  disturbance  begins  at  the  intake  side  of  the  spikes,  and 
when  Re  =  9,  this  type  of  disturbance  has  reached  its  full  development. 
With  an  increase  in  an  air  flow  turbulence  near  the  spike,  the  heat 
exchange  coefficient  between  the  spike  and  the  moving  air  increases. 

With  an  increase  in  the  Re  value,  the  radiator  resistance  to  the  air  flow 
increases.  The  relative  distribution  of  individual  spikes  in  the 
radiator  is  very  important.  With  straight  line  order  of  the  spiles,  the 
air  flow  has.  a  laminar  nature  and  the  heat  transfer  coefficient  increases 
slightly.  With  a  staggered  distribution  of  spikes,  the  air  flow  proves 
to  be  quite  turbulent,  which  leads  to  a  sharp  increase  in  the  heat 
transfer  coefficient. 

It  must  be  noted  that  the  heat  transfer  coefficient  has  various 
values  around  the  outside  of  the  cylinder  which  forms  the  radiator  spikes. 

Figure  40  shows  the  dependence  of  the  heat  transfer  intensity 
around  the  circumference  of  the  spike  cooled  by  an  air  flow,  for  2 
Reynolds  numbers;  Re  =  10  (curve  1)  and  Re  =  4  •  lO1*  (curve  2).  From 
the  shape  of  the  curves  it  is  apparent  that  for  effective  operation  of 
the  spicular  radiator  it  is  necessary  to  choose  the  corresponding 
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direction  of  the  air  flow  which  cools  the  spike.  The  optimum  parameters 
of  a  spicular  radiator  system  with  spikes  located  in  a  staggered  fashion 
will  occur  with  the  following  spike  arrangement: 


~  =  1  .Soand-^t.  ~  I  ,0b, 
n  a 

where  is  the  longitudinal  interval  of  the  spike  system;  S.,  is  the 
lateral  interval  of  the  spike  system;  d  is  the  spike  diameter. 


f  r 
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Figure  40.  The  dependence  of 
spike  heat  transfer  on  air 
flow  direction  and  heat 
removal  location. 


Figure  hi.  Dependence  cf  the  true 

heat  transfer  coefficient  (a)  on 

the  reduced  coefficient  (a  )  . 

red 


These  conditions  refer  to  air  flow  rates  in  which  Re  >  300. 

The  analytical  determination  of  the  numerical  value  of  the  coefficient 
of  heat  transfer  for  spicular  radiator  systems  is  a  rather  complex 
technological  problem.  However,  for  a  first  evaluation  in  the  calcu¬ 
lation  of  the  value  of  this  coefficient,  we  may  use  the  relationship 


V.  II 


-94- 


where  u  ,  is  a  reduced  heat  transfer  coefficient,  which  takes  into 
red 

consideration  the  resistance  to  the  passage  of  heat  of  the  mass  and 
surface  of  the  spicuiar  system;  Q  is  the  heat  quantity  passed  through 
the  radiator  system  from  the  thermopile  (kCa)/h);  V  is  the  difference 

between  the  average  temperature  of  the  spike  and  t lie  temperature  of  the 
surrounding  medium;  H  is  the  sum  of  the  area  of  all  radiator  spikes,  m?. 

In  order  to  determine  t he  true  value  of  the  heat  transfer  coefficient 

a,  we  may  employ  the  graph  represented  in  figure  41,  where  the  dependence 

a  =  ft  a)  is  shown, 
red 

We  must  note  that  the  relationship  for  the  determination  of  the 
reduced  heat  transfer  coefficient  is  a  rough  approximation  and  is  correct 
when  the  assumption  is  made  that  the  radiator  system  forced  flow  rate 
corresponds  to  Reynolds  numbers  falling  within  the  range  Re  =  10-100. 

§4.  A  Liquid  System  with  Natural  Circulation 

In  some  types  of  thermocool ing  devices  (for  example,  in  every  day 
refrigerators J ,  a  comparatively  large  quantity  of  heat  is  released  on 
the  hot  junction  of  the  thermoelectric  pile.  To  release  this  heat  by 
means  of  natural  convection  to  the  surrounding  air  would  require  radiator 
systems  with  an  area  of  several  square  meters.  In  such  systems  the  heat 
transfer  coefficient  usually  does  not  exceed  3-5  kCal/m?«h*deg.  The 
creation  of  an  effective  heat  coupling  between  the  radiator  plate  and  the 
heat  source  is  an  important  difficulty  in  the  utilization  of  such  systems. 
Since  the  hot  junction  area  of  the  thermoelement  usually  does  not  exceed 
several  square  centimeters,  and  high  density  heat  fluxes  are  generated 
in  this  area,  the  fin-air  heat  transfer  coefficient  is  reduced. 

In  this  connection  the  necessity  to  disperse  the  heat  flux  of  the 
hot  junctions  of  the  thermopile  arose.  One  of  the  possible  variations 
in  the  solution  of  this  problem,  proposed  by  A.  N.  Voronin  and  S.  G. 
Platonova,  consists  of  employing  an  intermediate  heat-trans fer  agent 
which  circulates  freely  in  a  closed  system.  With  this  method  the  heat 
transfer  from  the  hot  plates  of  the  thermoelectric  pile  is  accomplished 
with  water. 

The  hot  water  exchanges  places  with  the  colder  water  which  creates 
a  self-circulating  flow  in  the  closed  system.  Such  a  system  is  equipped 
at  the  appropriate  location  with  radiator  fins  from  which  the  heat  dis¬ 
charge  to  the  surrounding  air  occurs.  A  device  with  the  heat  transfer 
utilizing  natural  liquid  circulation  is  shown  schematically  in  Figure  42. 


,  * 
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Figure  42.  A  diagram  of  a  liquid 
heat-transfer  system  with  natural 
liquid  c i rcu I  a t i on . 


The  hot  junctions  of  the  thermoelectric  battery  1  are  equipped  with 
radiator  plates  2,  which  arc  immersed  in  water  3,  which  in  turn  is 
located  in  sealed  tank  4.  Hot  water  under  the  influence  of  heat  from 
the  radiators  rises  through  pipes  5  which  are  equipped  with  layers  of 
thermoinsulation  b  in  order  to  reduce  heat  transfer  from  the  surrounding 
air  which  would  interfere  with  self  circulation.  After  having  entered 
external  pipes  7,  the  water  is  cooled  as  a  result  of  heat-transfer  with 
the  surrounding  air.  Radiator  plates  8  serve  to  intensify  the  heat 
transfer.  The  cool  water  enters  4,  and  t he  process  is  continuously 
repeated. 


As  a  result  of  a  decrease  in  the  parasitic  heat  differentials  between 
the  hot  junctions  of  the  thermopile  and  the  water,  where  the  individual 
heat  fluxes  have  the  greatest  value,  it  is  possible  to  obtain  radiator- 
water  heat  transfer  coefficients  equal  to  1  O'1- ISO  kOal/m- »h*deg ,  i.e., 
20-30  times  higher  than  with  a  natural  convection  heat  exchange  system. 

It  must  be  noted  that  from  the  standpoint  of  lu-at  discharge,  a  heat 
transfer  system  with  an  intermediate  heat-trans fer  agent  must  have  the 
same  radiator  area  as  a  system  employing  natural  convection  cooling. 
However,  the  specific  heat  flows  from  the  water  to  the  air  m  this  case 
will  be  so  insignificant  that  the  heat  exchange  surface  nay  be  fabricated 
from  the  materials  with  relatively  low  heac  conductivity,  for  example, 
f  rom  plastic. 

A  quantitative  evaluation  of  the  effectiveness  of  a  heat-transfer 
system  employing  an  intermediate  heat -t ransfer  agent  consists  of  a  hydro- 
dynamic  calculation  of  a  closed  circuit,  in  which  water  of  varying 


i 

! 


-9b- 


density  self-ci rculates ,  and  of  a  heat  engineering  calculation  of  the 
heat  transfer  coefficient.  The  hydrodynamic  calculation  is  conducted 
in  the  following  sequence. 


1.  Hie  quantity  of  water  circulating  in  the  system  is 

Cr^V'^/h. 

i,  —  <t 

where  is  the  output  released  at  the  hot  junctions  of  the  thermopile, 
kCal/h;  c  and  e?  represent  water  enthalpy  at  the  lowest  and  the  tiighest 
temperatures,  respectively,  in  the  circuit. 

2.  In  establishing  the  water  circulation  rate  in  the  system,  we  shall 
determine  the  total  transfer  section  of  the  listing  pipes  of  the  circuit: 


/„  = 


3.<>  ■  n*:i  •  ir„f 


n-, 


where  ci  is  the  quantity  of  the  circulating  water,  kg;  is  the  circulation 

rate,  m/sec,  >  is  the  water  density  at  an  average  temperature  in  the 
circuit,  kg/m!. 

The  value  of  >  may  be  determined  from  corresponding  tables.  The 
pipe  transfer  sections  are  determined,  depending  on  the  quantity  of  the 
listing  pipes  selected.  Naturally  the  water  circulation  rate  in  the 
descending  pipes  will  he  the  same. 

3.  The  dynamic  resistance  of  the  listing  pipes  to  the  water  passing 
through  them  is  determined  in  accordance  with  the  equation 


d/J 


kg/m2. 


where  A  is  the  water-metal  friction  coefficient;  i  is  the  length  of  one 
branch  of  the  pipe,  m;  y  is  the  average  water  density,  kg/m?;  W  is  tne 
average  rate  of  flow  of  the  water  in  the  pipe,  m/sec;  d  is  the  internal 
diameter  of  the  pipe,  m;  g  is  the  accelerated  force  of  gravity,  m/see-:. 


\ 


r 
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The  value  of  \  may  be  determined  from  the  graph  shown  in  Figure  43. 


Figure  ^3-  Dependence  of  the 
coefficient  of  friction  (\) 
on  pipe  diameter  (d) . 


We  may,  with  a  satisfactory  degree  of  accuracy,  employ  equations 
pertaining  to  the  natural  convection  of  liquid  in  a  free  volume  for  a 
determination  of  the  coefficient  of  heat-transfer  at  given  water  circu¬ 
lation  flow  rates  in  the  circuit.  The  hear -transfer  coefficient  from  the 
hot  junction*  of  the  thermopile  to  the  water  may  be  determined  in  accord¬ 
ance  with  the  equation 

(I'ldr;  .  KCal/m-*h*Ueg 


where  is  the  coefficient  of  heat  conductivity  of  the  water  [kCal/nv’-h  • 
•deg);  l  is  the  governing  dimension  of  the  heat  exchange  surface;  Pr  is 
the  Prandtl  number;  Ur  is  the  Grashof  number. 

The  product  of  the  Prandtl  and  the  Grashof  numbers  are  determined 
by  the  rclati  nship 


FrCr  = 


here  g  is  the  accelerated  force  of  gravity,  m/sec2;  v  is  the  coefficient 
of  the  kinematic  viscosity  of  water,  m/sec;  a  is  the  coefficient  of  the 
thermoconduct ivit,  of  water,  m-'/h;  6  is  the  coefficient  of  volume 
expansion  of  water,  deg  C  1 ;  At  is  the  fm-water  temperature  difference. 
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The  average  vaiue  of  the  coefficient  of  heat-transfer  for  a  given 
heat  exchange  surface  may  be  determined  with  a  sufficient  degree  of 
accuracy  from  the  equation 


where  f^  is  the  pipeline  section,  m2 ;  is  the  water  circulation  rate, 
m/sec;  y  is  the  water  density  at  the  average  temperature  of  the  circuit, 
kg/m3;  t  is  the  average  temperature  of  the  heat  exchange  surface;  t^  is 
the  temperature  of  the  water  entering  the  circuit;  t^  is  the  temperature 
of  the  water  leaving  the  circuit. 

§5-  Employement  of  the  Latent  Heat  of  Fusion 

Substances  with  a  high  latent  heat  of  fusion  may  be  employed  as  one 
of  the  possible  methods  of  heat  elimination  from  the  hot  junctions  of  a 
thermopile  in  an  insulated  system.  A  choice  of  substances  is  dictated 
by  operating  conditions.  These  include  the  following;  the  required 
temperature  stabilization  level  of  the  cooled  object  T,  the  value  of 
the  temperature  drop  AT,  obtained  in  the  thermoelectric  refrigerator, 
and  also  temperature  TQ  of  the  surrounding  medium. 

It  is  advantageous  to  select  compounds  with  a  melting  point  S-10° 
higher  than  the  temperature  of  the  surrounding  medium.  In  this  case  the 
volume  occupied  by  the  substance  with  a  high  heat  of  fusion  docs  not 
require  heat  insulation. 

The  duration  of  the  maintenance  of  a  stable  temperature  in  the 
thermostat  is  determined  by  the  value  of  output  W,  which  is  released 
at  the  hot  junctions  of  the  thermopile,  and  by  the  quantity  and  the 
latent  heat  of  fusion  of  the  material  employed. 

If  the  latent  heat  of  fusion  is  calculated  in  kilocalories  per  gram, 
then  the  calculation  of  the  specific  effectiveness  of  the  material 
chosen  must  be  made  in  accordance  with  quantity  Qp  (  where  p  is  the  density 
in  g/cm-3. 

The  time  at  which  the  stable  temperature  may  be  maintained  can  be 
determined  with  a  sufficient  degree  of  accuracy  in  accordance  with  the 
equation 
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where  V  is  the  volume  occupied  by  the  material,  cm3;  W  is  the  heat 
output  removed,  cal/sec;  t  is  fime,  sec. 

Table  4  shows  the  characteristics  of  several  substances  which  may 
be  employed  for  the  purposes  indicated.  The  stability  of  the  temperature 
maintained  in  the  thermostatically  controlled  volume  depends  essentially 
on  the  heat  conductivity  of  the  substance.  In  employing  the  latent  heat 
of  vaporization  of  metals  (or  alloys),  the  heat-transfer  resistance  of 
the  fusion  is  not  great,  which  is  explained  by  the  large  value  of  its 
heat  conductivity.  In  this  case  the  thermocontact  with  the  semiconductor 
pile  is  provided  by  the  metal  from  which  the  heat  reveiver  is  constructed 


Table  4 


The  Characteristics  of  Substances  with  a  High  Latent  Heat  of  Fusion 


Subs  tance 

Me  1 1 i ng 
point, 
°C 

q , 

cal/g  ' 

P  .  „  qc  . 

g/ cm 3  cal/ cm 

3 

ca 1 /cm*  sec*  deg 

Crystallized  cadmium  nitrate 

59*4 

25.3 

2.^5 

■*• 

Crystallized  nickel  nitrate 

56-7 

36.4 

2.05 

Stearic  acid 

69-0 

47.6 

0.847 

Cetyl  alcohol 

49-0 

33.8 

0.818 

iiiH 

•u 

Dimethyl  ether  of  oxy 1 i c  acid 
(dimethyl  oxalate) 

49-5 

42.7 

1.148 

49.0 

E 1 adi c  acid 

47.0 

52.1 

0.851 

A4.3 

* 

Urethan  (ethyl  carbamate) 

48.7 

40.9 

i .  n 

45.0 

* 

Wax 

63-0 

42.3 

0.96 

40.6 

0.00021 

Paraf f i n 

52.4 

35.1 

0.88 

30.9 

0.0005--0.0006 

Naphthy 1  amine 

53-0 

30.0 

1.123 

33-7 

0.00036 

Wood's  alloy 

65.5 

8.4 

l 

9.7 

81  .05 

0.0319 

MOTE. The  asterisks  indicate  that  there  no  data  available  in  published 
sources.  A  tentative  value  is  6*10  14  cal /cm*sec -deg . 


The  heat  conductivity  of  salts  is  significantly  lower  than  for  metals 
or  alloys,  therefore  when  they  are  employed  it  is  necessary  to  take  special 
measures  in  order  to  reduce  their  heat-transfer  resistance  to  fusion.  In 
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the  opposite  the  temperature  of  the  hot  junctions  of  the  thermopile 
increases  slowly  and  it  is  not  possible  to  stabilize  the  temperature 
within  the  cooled  volume.  This  undesirable  phenomenon  can  most  simply 
be  reduced  to  a  minimum  by  extending  the  surface  of  the  radiator  within 
the  hcat-accepting  substance. 

In  the  ideal  case  the  surface  of  radiators  must  represent  a  mechanical 
sponge,  filled  with  salt  in  a  solid  state.  As  an  example  of  the  method 
of  heat  removal  described  above,  a  graph  of  the  dependence  of  temperature 
within  the  operating  chamber  of  a  thermoelectric  microrefrigerator  on 
time  is  shown  in  Figure  44.  Wood's  alloy  (with  a  volume  of  300  cm3j  was 
the  heat-absorbing  substance  in  this  case.  The  temperature  of  the 
surrounding  medium  was  t>0°.  It  is  apparent  from  the  graph  that  the 
duration  of  the  maintainance  of  the  stable  temperature  exceeded  2  hours. 


Figure  4A.  Temperature  dependence  in  the 
operating  chamber  of  a  microrefrigerator 
on  time  for  a  case  of  heat-transfer  to 
Wood's  alloy  (power  released  by  the 
thermopile  equals  10  w) . 

56.  Utilization  of  the  Latent  Heat  of  Vaporization 

The  latent  heat  of  vaporization  for  many  liquids  is  significant. 

This  may  be  employed  for  the  elimination  of  heat  released  on  the  hot 
junctions  of  thermopiles  in  systems  with  a  limited  period  of  service. 

One  possible  design  arrangement  for  a  thermoelectric  system  in  which 
heat  is  eliminated  as  the  result  of  the  latent  heat  of  vaporization  of 
liquid  is  shown  in  Figure  45.  Here  hot  junctions  1  of  the  thermoelectric 
pile  2  with  good  thermocontact  are  coupled  to  copper  corner  plate  3,  to 
wf.j.ch  copper  box  4,  filled  with  water,  is  soldered.  In  order  to  increase 
the  vaporization  surface,  several  copper  plates  5,  jacketed  with  special 
tricot  material  6,  which  possesses  good  wick  properties,  were  placed  in 
the  upper  cover.  The  lower  ends  of  the  tricot  wick  extend  into  the  box 
and  are  submerged  in  water. 

,  * 


\ 
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Figure  45.  A  thermopile  utilizing 
latent  heat  of  vaporization  for 
heat  removal . 


With  small  dimensions  and  low  weight  (600  g)  including  the  weight 
of  the  thermopile,  the  system  specified,  after  the  operating  volume 
(SO  cm3)  is  filled  with  water,  eliminates  S  w  of  heat  output  released  on 
the  hot  plates  of  the  thermoelectric  pile  in  the  course  of  4  hours. 

Radiator  fin  surface  temperature  dependence  on  time  is  shown  in 
Figure  46.  The  temperature  difference  between  the  radiator  and  the  hot 
junction  did  not  exceed  1°.  The  curve  shown  was  obtained  with  a  surround¬ 
ing  medium  temperature  of  50°. 


T'C 


Figure  *<6.  Fin  temperature  dependence 
on  time  in  a  device  employing 
latent  heat  of  vaporization. 
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Another  construction  variation  for  a  heat-transfer  system  employing 
the  latent  heat  of  vaporization  is  shown  in  Figure  47.  Here  the  water 
is  poured  into  two  vessels  1  constructed  of  plexiglass.  The  side  surfaces 
of  these  vessels  2  arc  fabricated  from  copper  and  are  soldered  to  corner 
plates  which  support  thermopile  4.  In  contrasi  to  the  previous  design, 
here  there  is  no  system  of  radiators  equipped  with  wicks.  Vaporization 
of  water  in  vessels  2  leads  to  a  temperature  reduction  of  the  corner 
plates  in  correspondingly  of  the  hot  junctions  of  the  thermopile.  Openings 
5,  covered  by  fine  mesh  b,  serve  to  release  vapor  and  as  a  filler  opening 
for  water.  Kith  a  filled  water  volume  of  100  cm3  (in  two  vessels),  the 
thermopile  releases  5  w  and  may  operate  continuously  for  5  hours.  The 
total  weight  of  the  system  (without  water)  is  b70  g. 


GRAPHICS 

NOT  REPRODUCIBLE 


Figure  1»7.  A  second  construction 
variation  for  a  heat-transfer 
system  employing  the  latent 
heat  of  vaporization. 


We  may  employ  the  following  relationships  in  order  to  obtain  a 
quantitative  evaluation  of  the  method  of  heat  removal  as  the  result  of 
the  latent  heat  of  vaporization. 

The  quantity  of  vaporized  water  G  (kg/h)  equals 


where  a  is  the  water-air  heat  transfer  coefficient  (keal/m2 *h -deg) ;  F  is 
the  area  of  the  surface  of  the  water,  m2;  d  is  the  air  humidity  close 
to  the  surface  of  the  water,  g/kg  of  dry  air;  d  is  the  humidity  of  the 

air  at  the  temoerature  of  the  water  and  with  full  saturation,  in  g/kg  of 
dry  air. 
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The  values  d  and  d  are  determined  from  corresponding  graphs. 

In  a  case  when  G  *  U,  the  vaporization  of  water  occurs,  and  when 
G  ■  0,  condensation  of  water  vapor  takes  place.  Heat  quantity  Q  which 
may  he  removed  by  the  evaporated  water  equals 


Q  =  G  (bVlf)  —  O.fv'i!,) -j-af  (f2  —  I,).  kCal/h 


here  tj  is  the  water  temperature;  t^  is  the  air  temperature . 

The  first  element  on  the  right  side  of  the  equation  determined  the 
quantity  of  vaporized  water,  and  the  second  element  takes  into  the 
consideration  the  heat  exchange  between  the  water  and  the  surrounding 
medium . 

The  value  vj  in  turn  consists  of  two  elements  --  the  output  of  the 
thermoelectric  pile  W  (w)  and  the  refrigerating  capacity  (w)  of  the 
pile,  i.e.,  J 


Q  =  (IV  *  Q0)  0.8b,  kCal/h 


57.  A  Heat  Transfer  System  Utilizing  Specific  Heat 

One  possible  method  of  removing  heat  from  a  thermoelectric  pile  may 
be  the  utilization  of  materials  with  high  specific  heat .  In  this  case 
the  heat  released  at  the  hot  junctions  of  the  thermopile  will  be  expended 
in  increasing  the  temperature  of  the  heat  acceptor,  which  is  a  distinctive 
heat  accumulator. 

The  heat-transfer  process  from  the  thermo-cooling  device  to  the 
heat  acceptor  will  b  non-steady.  In  the  course  of  time  the  temperature 
of  the  heat  acceptor  will  increase,  and  the  quantity  of  heat  accepted 
by  it  from  the  thermopile  will  correspondingly  decrease.  In  addition, 
the  heat  exchange  of  the  heat  acceptor  with  the  surrounding  medium  will 
also  not  be  constant  with  time. 

For  a  first  approximation  in  making  a  quantitative  evaluation  of  the 
basic  parameters  of  this  type  of  device,  it  is  possible  to  disregard  the 
heat  exchange  between  the  heat  acceptor  and  the  surrounding  medium,  the 
change  in  the  specific  heat  with  temperature  and  the  change  with  time  of 
the  quantity  of  heat  transferred  from  the  thermopile  to  the  heat  acceptor'. 
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In  this  case  the  solution  to  the  problem  is  considerably  simplified  and 
we  may  with  sufficient  accuracy  determine  the  mass  of  the  heat  acceptor 
by  using  the  following  relationship: 


,)/  ^ 


where  M  is  the  mass  of  the  heat  acceptor,  g;  Qq  is  the  quantity  of  heat 

transferred  from  the  thermopile  to  the  heat  acceptor,  cal/scc;  c  is  the 
specific  heat  of  the  heat-transfer  material,  cal/deg;  t  is  the  time, 
during  which  the  system  must  operate,  sec;  AT  is  the  temperature  change 
of  the  heat  acceptor  during  time  t.  It  must  be  noted  that  the  relation¬ 
ship  mentioned  is  correct  when  conditions  are  such  that  t  >>  x ,  where  t 
is  a  quantity  which  is  dependent  on  the  geometric  dimensions  and  on  several 
physical  parameters  of  the  heat  acceptor  material: 


where  >.  is  the  heat  conductivity,  cal/cm- sec-deg ;  d  is  the  specific  heat, 
ca;/g*deg;  o  is  the  density,  g/cm-;  1.  is  a  linear  dimension,  cm. 

In  other  words,  value  i  characterizes  the  rate  of  heat  dispersal  in 
the  heat  acceptor  material. 

Calculations  for  a  heat  transfer  system  employing  the  specific  heat 
of  the  material  are  shown  below  as  an  example.  IVe  shall  proceed  from  the 
following  initial  data: 

1)  the  thermoelectric  pile  releases  5  w,  or  1.1b  cal/sec  at  the  hot 
junctions ; 

2)  the  pile  operating  time  is  5  minutes; 

3)  after  an  eiapsed  time  of  5  minutes,  the  temperature  of  the  heat 
acceptor  must  have  increased  by  not  more  than  5°; 

4)  aluminum  is  employed  as  the  heat  acceptor  material  (c  =  0.2  cal/g 
•deg,  X  =  0.5  cal/cm*sec*deg,  p  =  2.7  g/cm3); 

5)  the  heat  acceptor  is  fabricated  in  the  form  of  a  cylinder  5  cm  in 
height . 


The  mass  of  the  heat  acceptor  equals 


.1/=^ 


ar>o  g. 


On  the  basis  of 
geometry  of  the  hear 


the  parameters  of  the  material  specified  and  the 
acceptor,  we  determine  the  value  of  r: 


i.C  ■  2.7 


n.,r> 


Since  the  specified  system  operating  time  equals  300  seconds,  the 
condition  t  >>  t  is  satisfied  and  the  chosen  mass  value  of  the  heat 
acceptor  will  be  sufficient  to  satisfy  established  requirements. 

§8,  The  Utilization  of  Solutions  with  a  Low  Cryohydrate  Temperature 

It  is  possible  to  suggest  the  utilization  of  water  solutions  of 
salts  with  a  low  cryohydrate  temperature  as  one  method  for  the  removal 
of  heat  from  the  hot  junctions  of  thermoelectric  piles.  This  method 
permits  us  to  obtain  bv  simple  means  a  significant  reduction  in  the 
temperature  of  the  hot  junction,  and  the  reduction  is  determined  by 
the  selection  of  a  corresponding  salt.  The  cryohydrate  temperatures  of 
several  salt  solutions  are  shown  in  Table  5.  Here  the  cryohydrate 
temperature  value  corresponds  to  the  formation  of  crystals  in  a  eutectic 
mixture  fice  and  salt). 

It  is  possible  to  offer  several  different  solutions  for  the  problem 
indicated.  However,  of  all  possible  design  variations,  the  most 
advantageous  are  systems  in  which  heat  removal  is  provided  by  the 
circulation  of  the  solution  itself  or  by  the  circulation  of  an  inter¬ 
mediate  heat  transfer  agent  situated  in  close  thermocontact  with  the 
cryohydrate  solution. 

A  cooling  device  for  the  removal  of  heat  from  the  hot  junction  of  a 
thermopile  may  be  constructed  in  the  form  of  an  independent  sub-assemb ly , 
connected  with  the  thermoelectric  device  by  means  of  hoses. 

In  selecting  a  salt  it  is  necessary  to  take  into  consideration  that 
the  solution  which  will  be  employed  for  cooling  must  have  a  minimal 
corrosive  effect  on  the  circulating  system.  The  presence  in  the 
solution  of  solid  residues  is  also  undesirable,  since  these  will  signifi¬ 
cantly  impair  the  cooling  of  the  thermopile;  in  other  words  it  is 
necessary  to  employ  a  salt  with  good  solubility. 
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Table  5 


The  Basic  Characteristics  of  Several  Water  Solutions  of  Salts 


Salt 


Water  Heat 
temp. ,  of  the 
°C  solut ion 
kCal /g ’mol 


Solubility  Cold  capacity 
per  100  cm1  of  a  solution 
at  20°,  <?,  at  saturation 

per  cm3  of  water, 
of  relative  units 


Ml, NO, . 

1.x 

ll.  1 

1 1C 

nii, so . . 

'J  1 

s.~ 

.  :i 

Uni  N  0|)j . 

.X 

«■" 

n  ^ 

NnNU,  . 

17 

.  *  i  is 

xx.n 

lx 

x.r,2 

.0  ,.i 

OnM, -211,0  .  .  .  . 

IN 

MM . 

IS 

;i7 .  2 

S i  1-211,0  .  .  .  . 

IS 

I.2.M 

Oti.il 

KC1IO, . 

IX 

10.2 

7  ,  'i 

l\„Cr,b, . 

IS 

17.1 

13. 1 

(MI4)jS04 . 

IS 

2.M 

7.ri .  \ 

h nl  < . N  }„ . 

1.x 

i  •'<-:* 

it. r. 

Ml  ,1100,  .  ,  .  . 

ll-_ 

Li  _  lil* _ 

.  21 .U  _ 

fMl.M'r/r-"-. 

Hi 

10.0 

:i2.ui 

KIICO,  . 

Ifl 

S...2 

Jl  .0 

Niiliro,  I2IU<»  .  . 

|X 

22.*’! 

7.7 

2.:if> 


ic 

7s 

:<i. 

7'i 


.Mi 

y.7 


The  employment  of  salts  with  high  solubility,  with  the  same 
system  volumes,  permits  increasing  the  operating  cycle  with  one  charge. 
One  of  the  basic  characteristics  in  the  selection  of  a  salt  is  the 
latent  heat  of  solution. 

A  list  of  salts  which  may  be  employed  for  the  indicated  purpose  is 
shown  in  Table  0.  Not  all  substances  in  Table  5  arc  included  in  this 
table,  since  the  majority  of  these  salts  have  a  low  heat  of  solution. 
The  various  cyanide  compounds  arc  also  not  shown  in  the  table  due  to 
their  high  toxicity. 


Tab  I  e  6 

Thi  Cryohydrate  Temperatures  of  Salt  Solutions 


Sal  t 

T.  "C 

Salt 

r,  *c 

('ilf'In  0ll2O 

— v'»  i 

mi4no,  .  .  . 

—  J  7 .  l\  j 

i\.,i:uv  luu 

r> 

,  Mi  ,01  .  .  .  . 

—  J  fi  .  ,S 

Mc'iMj  12(1,0 

—  .i  i .  «i 

i  KOI . 

—no 

NiiCl  -  211,0 

-21  .2 

M11SO4  •  7  HjO 

— 1»». 5 

i.MUi.SO,  .  . 

—  J0.«if> 

KNo,  .... 

—  2.0 

iNsNi) ,  .  .  .  . 

— i « .  r» 

Na.,S04  •  1I2U 

-  1 .2 

i 
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It  is  apparent  from  an  examination  of  the  salts  shown  in  Table  0 
that  the  best  characteristics  are  possessed  by  ammonium  nitrate  (NIl^NO.)  , 

which  possesses  a  relatively  high  heat  of  solution,  a  low  crvohydrntc 
temperature  and  high  solubility.  It  should  be  noted  that  ammonium 
nitrate  is  produced  in  large  quantities  by  industry  und  that  the  cost 
is  not  significant.  In  order  to  obtain  an  idea  of  the  quantity  of  t he 
solution  required,  a  calculation  is  shown  below  for  a  case  involving  heat 
removal  from  a  semiconductor  pile  which  releases  15  cCal/h  at  the  hot 
junctions.  The  calculation  is  made  under  the  following  conditions. 


Temperature  Tj  of  the  surrounding  medium 
Required  temperature  T,  of  the  hot  junction 
Operating  time  t 
Salt  employed 

Heat  insulatin  of  the  solution  container 

Coefficient  of  heat  conductivity  X 

Thickness  6  of  the  heat  insulation 

Insulation-surrounding  air  heat-transfer 
coefficient  Uj 

Internal  volume-insulation  heat-transfer 
coefficient  a, 


20° 

.*  o 

0  hours 

ammonium  nitrate 
peat  board 
0.08  kCal/m-h-deg 

10  kCal/m-  *h*deg 
S00  kCal/nr-  *h*deg 


Under  these  conditions  the  derived  coefficient  of  heat-transfer  is 


A  =  — - - - kCal/m^  *h •  deg 

~  ^  T  +  77 

The  heat  quantity  transmitted  to  the  vessel  containing  the  salt  from 
the  surrounding  medium  is 


<?.  =  KFAT, 


where  !■'  is  the  vessel  surface,  m1;  AT  is  the  temperature  drop  (T 


l2> 


If  F  =  1  m?,  then 


.<?„=  1.38  .  l.lfj  =  20.5  kcal 
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In  order  to  cool  IS  l  of  the  solution,  the  following  heat  quantity 
must  be  removed. 


Q,  =  vm±r=V>'  1  •  15  =  22:i  hih'L 

In  order  to  remove  this  quantity  of  heat  it  is  necessary  that 

P  =  2.8  kg  of  salt 

The  quantity  of  heat  which  is  transmitted  each  hour  to  the  vessel 
:-om  the  semiconductor  pile  and  as  a  result  of  heat  exchange  with  the 
urrounding  medium  is 

Q  =  QcJrQt~-  20.5  15  =  35.5  kCal 

In  order  to  provide  for  the  removal  of  this  heat,  with  a  solution 
temperature  increase  of  not  more  than  2°,  each  hour  a  charge  is  required 
which  equals 

\'2  =  0.44  kg  of  salt 

1'hus  in  the  course  of  0  hours,  5.1  kg.  of  salt  is  required  for 
stable  operation  of  the  semiconductor  thermopile.  The  calculation  shown 
is  correct,  for  short  (2  m) ,  well  insulated  hoses  which  connect  the 
thermopile  with  the  vessel  containing  the  solution.  When  it  is  necessary 
to  move  the  vessel  containing  the  solution  a  great  distance  from  the 
thermopile,  then  heat  exchange  between  the  hoses  and  the  surrounding 
medium  must  be  taken  into  consideration. 

An  evaluation  was  made  of  the  temperature  drop  on  rubber-canvas 
hoses  (.2.5  m  in  length,  at  a  water  flow  rate  cf  1  1/m),  which  were 
located  in  chamber  with  100v  humidity  and  under  an  environmental  tempera¬ 
ture  of  25°.  The  temperature  drop  was  1°,  which  corresponds  to  a  heat 
flux  of  60  kCal/h.  Thus  in  order  to  provide  for  the  successful  operation 
of  a  thermo-cooling  device  employing  rubber-canvas  hoses  5  m  in  length, 
it  would  be  necessary  to  provide  an  additional  charge  each  hour  of  0.75  kg 
of  salt. 


To  provide 
thermopile  with 
operation  it  is 


for  a  temperature  reduction  at  the  hot  junction  of  the 
the  parameters  previously  indicated,  for  0  hours  of 
necessary  to  provide 


i'  ~  *•  (/’i  •  i  AV)  —  2.S  -f-  7.1  i  =  iO  kg  of  ammonium  nitrate. 


The  temperature  change  of  the  ammonium  nitrate  solution  with  time  for 
for  a  volume  of  400  cm'  in  which  the  heat  output  is  5  kCai/h,  is  shown 
in  Figure  48.  A  charge  consisting  of  the  regular  portion  of  salt  was 
added  each  hour. 
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Figure  Temperature  change 
of  the  ammonium  nitrate 
solution  with  time  (with  a 
solution  volume  of  hOO  cm5, 
and  a  released  heat  output 
of  3  kCa 1/h) . 
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CHAPTER  VIM 

Power  Supplies  for  Thermoelectric  Cooling  Devices 


Since  the  input  for  thermoelectric  cooling  devices  requires  a 
direct  current  at  relatively  high  intensity  at  low  voltage,  the  problems 
of  the  selection  of  a  corresponding  power  supply  acquires  considerable 
significance.  Depending  on  the  specific  operating  conditions  of  a 
thermoelectric  device,  rectifiers,  storage  batteries,  current  converters 
and  thermoelectric  generators  may  be  employed  as  a  source  of  current. 

§  I .  Rect i f i ers 

Under  stationary  operating  conditions  it  is  most  advantageous  to 
supply  a  thermoelectric  device  from  a  rectifier.  Not  withstanding  the 
required  direct  current  at  high  intensity,  the  power  required  by  a 
thermoelectric  cooling  device  from  the  power  supply  is  not  high  and 
usually  does  not  exceed  several  dozen  watts,  although  usually  only  a 
few  watts  are  required.  In  this  connection  a  suitable  rectifier  will 
be  small  and  relatively  simple  in  design.  As  a  rule,  rectifiers  for  the 
supply  of  thermoelectric  devices  are  connected  in  a  full-wave  configura¬ 
tion,  as  a  result  of  which  direct  current  with  a  67%  ripple  is  obtained 
at  the  output.  The  maximum  reduction  of  direct-current  ripple  is  a  most 
important  circumstance,  since  the  presence  of  an  alternating  component 
will  lead  to  the  release  of  Joule  heat  at  the  thermopile,  which  reduces 
the  cooling  effect. 

The  dependence  of  the  temperature  drop  at  the  thermoelement  on  the 
ripple  value  of  the  supply  current  is  shown  in  Figure  49. 

The  achievement  of  the  required  rectified  current  stabilization  is 
a  rather  complex  problem,  since  in  this  case  we  must  deal  with  high 
intensity  currents  at  low  voltage,  which  practically  eliminates  the  usage 
of  capacitive  filters.  Therefore  filtering  of  the  rectified  current  is, 
as  a  rule,  accomplished  with  an  inductive  filter,  i.e.,  with  a  choke. 
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Figure  ^9.  The  dependence  of  the 
temperature  drop  (,',T )  at  the 
thermoelement  on  the  ripple 
value  ( I  of  the  supply  current. 


Since  all  of  the  relationships  shown  previously  which  characterize 
the  operation  of  a  thermoelectric  cooling  device  referred  to  a  case  of 
current  supply  with  a  pure  direct  current,  we  shall  examine  the  influence 
of  an  alternating  component  in  the  current  supply  on  the  operation  of 
the  thermopile.  Two  phenomena  will  occur  in  supplying  a  thermopile  with 
rectified  current  in  which  an  alternating  component  is  present.  These 
include  Joule  heat,  which  is  proport ional  to  the  rms  value  of  the 
alternating  current  component,  and  Peltier  heat  absorption,  which  is 
proportional  to  the  average  value  of  the  direct-current  component  of 
the  suppl>  . 

These  two  values  are  related  to  each  other  by  the  so-called  form 
factor  F,  which  is  defined  as  the  ratio  of  the  rms  value  of  the  alternating 
component  1  s  to  the  average  value  of  the  direct-current  component 

i.e.  , 


F 


I 

rms 


It  is  apparent  that  a  form  factor  which  is  not  unity  will  reduce 

the  thermoelectromotive  *orcc  value  a  to  j.  In  agreement  with  this,  in 

all  relationships  wh.ch  characterize  the  operation  of  the  thermoelectric 
pile,  i.e.  in  terms  which  take  Joule  heat  into  consideration  we  must 
introduce  The  rms  current  value,  and  in  terms  which  define  Peltier  heat, 
we  must  write  the  average  value  of  the  di  r<ct -current  component 

I 

rms 
dc 


F 


It  is  not  difficult  to  show  that  the  basic  parameters  of  a  thermo¬ 
electric  pile  which  is  supplied  by  a  current  having  an  alternating 
component  will  differ  from  these  same  parameters  in  the  case  of  a 
di rect -current  pile  supply  by  the  value  I  or  Fz .  If  we  designate  the 
parameters  of  a  thermopile  supplied  by  a  current  with  an  alternating 
component  by  an  asterisk,  then  the  relationship  of  these  parameters 
to  those  of  a  thermopile  supplied  by  a  direct  current  will  have  the 
following  form: 

a)  for  a  maximum  temperature  drop 


ar*, 


ar  (i,.n 


i 

JT' 


b)  for  the  current  under  a  condition  of  maximum  refrigerating 
capacity 


i_ 

7 


c)  for  the  current  involving  a  condition  under  a  maximum  coefficient 
of  performance 


t 


d)  for  a  condition  of  maximum  refrigerating  capacity 


■L. _ i  ,  1  _ 

*  ml*  F 2  a7~ 

a  T 


Basic  parameter  dependencies  of  a  thermoelectric  pile  on  the  value 
of  the  form  factor  are  shown  graphically  in  Figure  50. 

It  is  apparent  from  the  curves  shown,  that  for  the  small  temperature 
differences  which  exist  in  a  number  of  cases  involving  the  use  of 
low-current  thermopi les ,  the  influence  of  the  form  factor  does  not 
seriously  affect  the  basic  parameters.  However  when  it  is  necessary 
to  obtain  maximum  possible  temperature  differences,  the  form  factor  has 
a  very  significant  influence  on  the  operation  of  the  thermopile. 


In  this  connection  a  rectifier  intended  for  the  supply  of  a  low-current 
thermopile  may  have  a  ripple  of  20-26°.)  at  the  output.  In  a  case 
involving  the  supply  of  heavy -cur rent  thermopiles,  the  rectified  current 
ripple  ratio  must  be  reduced  to  a  minimum  and  may  not  exceed  5-7°„. 


Figure  5C.  Optimum  current  values 

under  a  condition  of  maximum 

coefficient  of  performance 

(r.)  ,  under  a  condition  of 

maximum  refrigerating  capacity 

(Q)  and  at  temperature  drop 

(AT  }  as  a  function  of 
max 

form  factor  (F)  . 


A  no  less  important  circumstance  is  the  correct  choice  of  rectifiers, 
since  in  order  to  achieve  a  high  rectifier  efficiency,  the  forward 
voltage  drop  across  the  rectifier  must  be  comparatively  small.  High- 
current  germanium  diodes  3re  considered  to  be  the  most  suitable  for  the 
indicated  purpose. 

Domestic  industry  produces  germanium  high-current  diodes  in  current 
ranges  from  1  to  1,000  a  and  at  voltages  from  lb  to  200  v  (depending  on 
class).  The  forward  voltage  drop  for  germanium  rectifiers  lies  in  the 
ranges  from  O.lo  to  0.22  v  for  group  A  and  0.5  v  for  group  Ye.  Depending 
on  the  cooling  conditions  involved,  rectifiers  are  divided  into  types 
VG,  which  includes  natural  or  forced  air  cooling  and  VGV,  which  includes 
water  cooling.  Germanium  rectifiers  operate  at  extremely  high  current 
densities,  reaching  100  a/cm2  whereas  selenium  and  copper-oxide  rectifiers 
operate  at  forward  current  densities  of  0.03-0.1  a/cm- .  Such  operating 
current  densities  have  permitted  the  fabrication  of  germanium  rectifiers 
of  small  sire  and  low  weight.  Tor  example,  the  specific  volume  of  a 
germanium  rectifier  equals  0.U2-0.2  cm-/v,  whicii  is  50-100  times  smaller 
than  the  corresponding  figure  for  a  selenium  rectifier.  Differences  in 
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specific  mass  for  germanium  and  selenium  rectifiers  are  just  as  signifi¬ 
cant  (0.02-0,2  g/v.  and  0.4-5  g/w,  respectively).  The  low  forward 
voltage  drop  across  the  rectifier,  which  is  an  important  characteristic, 
falls  within  the  range  of  0.16  to  0.5  v,  in  agreement  with  the  rectifier 
classification  characteristic.  The  efficiency  of  a  germanium  rectifier 
approaches  9  8V 

In  so  far  as  the  shortcomings  of  high-current  germanium  rectifiers 
are  concerned,  we  must  consider  the  low  overload  capability.  In  this 
connection  the  operating  temperature  of  a  germanium  rectifier  must  not 
exceed  50°.  The  basic  data  for  high-current  germanium  rectifiers  are 
shown  in  Table  7. 


Table  7 

The  Basic  Parameters  of  High-Current  Germanium  Rectifiers 
(GOST  [All-Union  State  Standard]  10662-&3) 
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In  recent  years  high-current  silicon  rectifiers  have  been  developed 
and  their  mass  production  has  been  mastered.  The  basic  advantage  of  a 
silicon  rectifier  over  a  germanium  rectifier  consists  of  the  fact  that 
the  silicon  rectifier  has  a  higher  operating  temperature,  extending  to 
200°.  This  circumstance  permits  the  employment  of  silicon  rectifiers  at 
current  densities  of  300-500  a/citr  ,  which  is  S  times  higher  than  that  for 
germanium  rectifiers.  An  important  shortcoming  of  silicon  rectifiers  is 
the  fact  that  the  forward  voltage  drop  is  almost  twice  as  high  as  for 
germanium  rectifiers;  tins  is  extremely  undesirable  in  utilizing  these 
rectifying  devices  in  low  voltage  rectifiers  used  to  supply  thermoelectric 
devices.  The  size  and  weight  characteristics  of  silicon  rectifiers  arc 
better  than  for  germanium,  a  fact  which  is  linked  to  the  small  dimensions 
of  the  silicon  crystal.  In  particular,  the  specific  volume  and  the 
specific  mass  of  a  silicon  rectifier  is  only  0.002  cm-'/w  and  0.01  g/w. 
However,  due  to  the  small  dimensions  of  the  silicon  crystal,  the  overload 
capability  of  the  rectifier  is  lower  than  for  germanium.  The  basic 
characteristics  of  mass-produced  silicon  rectifiers  are  shown  in  fable  8. 
The  range  of  operating  temperatures  for  the  rectifiers  listed  in  the 
table  is  -50  to  ♦125°,  but  the  normal  rectifier  operating  temperature 
is  considered  to  be  +40°.  With  every  10°  increase  in  operating 
temperature,  the  value  of  the  permissible  forward  current  through  the 
rectifier  must  be  reduced  by  10.. 


Table  8 


The  Basic  Parameters  of  High-Current  Silicon  Rectifiers 


Re  c  t  i  f  i  e  r 
type 
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The  comparative  parameters  of  high-current  rectifiers  of  various 
types  are  shown  in  Table  y. 


Table  9 


The  Comparative  Parameters  of  Various  Types  of  Power  Semiconductor  Rectifiers 


Rect  i  f  ier 

type 

Parameter 

Coppe  r- 
oxi  de 

Se len i um 

German i um 

S i 1 i con 

Breakdown  voltage,  v 

i 

|  1*11-1)0 

1 

•V  1  -  i  JO 

1 

! 

i  |(n>  —  HUM 

J.'ril  —  ,'rtrtKi 

Nominal  voltage  (maximum  value),  v 

i 

;  .V  - 1  .'1 

!  1  ■> — .'iui 

3o— :«ioo 

Normal  forward  voltage  (specifi¬ 
cation),  V 

i 

1  il  .)  U.h 

1  ' 

nil  n.'l 

■  0.1  -i'm'i 

11. 5  -1.2 

Nominal  current  density  (average 
va 1 ue) ,  a/ cm" 

11  11,  1  ■  .1  in 

1 1 .  u.  i  -  1 1  ; 

! 

:mi  -  mu  ; 

fill— 5l  Hi 

Maximum  permissible  operating 
junction  temperature,  °C 

,  ,i .  1 .1 1 

1 111 

h.'i  -  7  x~>  ; 

J  'ill  —  1!*. 

Efficiency,  "i 

i  ! 

7"  -Mi 

~'.i.s  ; 

!)S  ilO 

Specific  volume  (with  cooling), 

cm  Vw 

;  •; 

11  * 

■  1 . 1 1.  -  0 . 2 , 

0. 002-0. 2 

Specific  mass  (with  cooling),  g/w 

i  _  . 

.1  .Ml 

' » .  '1  -  ■» 

'n.iij  — «».  J 

O.bl — u.5 

Maximum  nominal  power  of  1 
rectifier,  kw 

0.  \'i 

H*1 

3  00 

i 


NOTE.  For  the  parameters  of  domestic  semiconductor  power  rectifiers, 
see  also  GOST  10662-63  and  GOST  IO765-6A. 


In  those  cases  when  rectifier  economy  is  not  a  deciding  factor, 
selenium  washers  may  be  employed  as  rectifiers.  It  is  true  that  as  a 
result  of  the  large  voltage  drop,  in  comparison  with  germanium  and  sili¬ 
con  rectifiers,  the  efficiency  of  silicon  rectifiers  equals  70-80%  in 
place  of  9S-9S%  for  germanium  rectifiers  and  98-99%  for  silicon 
rectifiers.  However,  this  ci rcumstance  is  compensated  for  by  the 
simplicity,  accessibility  and  inexpensiveness  of  selenium  rectifiers. 

It  must  be  noted  that  as  a  result  of  the  development  of  germanium 
and  silicon  power  rectifiers  in  recent  years,  a  reduced  amount  of 
attention  has  been  devoted  to  selenium  rectifiers.  This  must  be  considered 
to  be  incorrect,  since  in  a  number  of  cases  the  employment  of  selenium 
rectifiers  is  more  advantageous  and  has  a  greater  economical  justifica¬ 
tion  than  the  employment  of  germanium  or  silicon  rectifiers. 
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As  an  i llustration  we  may  cite  an  example  of  the  employment  of 
selenium  rectifiers  in  the  power  supply  of  a  contemporary  thermoelectric 
refrigerator,  hour  selenium  discs  measuring  100  *  100  mm  each  were 
connected  in  a  bridge  circuit.  The  rectifier  assembled  from  these 
washers  supplied  a  direct  current  of  23  a  at  a  voltage  of  .3.5  v.  In  this 
case  the  efficiency  of  t(ie  rectifier  equalled  7 5 1 . 

§2.  Storage  Batteries 

lu  a  number  of  cases  thermoelectr i c  devices  are  employed  in  locations 
where  an  electrical  supply  net  is  lacking  or  the  devices  themselves 
are  not  stationary.  As  an  example,  we  may  cite  the  employment  of 
microtome  and  microscope  stages,  microrefrigerators  for  laboratory 
purposes  and  other  devices  under  field  conditions  where  stationary 
power  supplies  are  lacking.  Another  group  of  devices,  for  example, 
thermoelectric  microrefrigerators  for  the  transportation  of  the  sperm 
of  farm  animals,  are  by  their  very  nature  portable  devices  and,  naturally, 
cannot  be  connected  to  a  stationary  source  of  electrical  energy.  In  these 
cases  it  is  necessary  to  employ  an  independent  power  supply.  Since  a 
thermoelectric  cooling  device  requires  a  high  current  at  a  low  voltage, 
storage  batteries  may  be  employed  as  portable  power  supplies. 

The  basic  parameters  of  various  types  of  storage  batteries  which 
may  be  employed  for  this  purpose  are  shown  in  Tables  10,  11  ar.d  12. 

Table  10 

Acid  Storage  Batteries 
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Table  II 


Alkaline  Storage  Catteries  (N i eke) -Cadml um) 
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Table  12 


The  Basic  Characteristics  of  Silver-Zinc  Storage  Cells  and  Batteries 
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It  is  apparent  train  an  examinat  ion  of  the  storage  batteries  shown  in 
tiie  tables  that  the  most  suitable  lor  purposes  of  supplying  current  to 
thermoelectric  devices  are  the  silver-tine  storage  batteries,  which, 
while  possessing  small  dime. is  ions  and  low  weight,  have  significant 
capacity  and  can  furnish  high  discharge  currents.  ihis  is  particularly 
applicable  to  the  silver-tine  storage  batteries,  in  which  a  parallel 
connection  of  the  cells  may  he  used  to  obtain  an  extremely  high  capacity 
and  correspondingly  lugli  discharge  currents.  Thus,  for  example,  storage 
battery  SSTs-43  with  series -connected  cells  lias  a  capacity  of  50  ah  with 
an  operating  voltage  of  IZv,  whereas  with  parallel-connected  cells,  this 
battery  has  a  capacity  of  3t>0  all,  but  at  a  voltage  of  1.5  v . 

In  a  case  when  a  thermoelectric  refrigerator  in  an  operating  condi¬ 
tion  is  transported  by  motor  vehicle,  the  supply  may  be  provided  from 
the  automotive  storage  battery  or  from  an  additional  storage  battery 
which  is  recharged  from  the  electrical  supply  system  of  the  motor  vehicle. 

It  is  not  without  interest  to  note  t he  possibility  of  employing  a 
power  supply  for  thermoelectric  devices  consisting  ot  galvanic  cells. 
Naturally,  in  this  case  a  1-time  source  is  involved  and  as  a  result 
its  application  must  lie  closely  matched  to  the  operating  condition  of 
the  thermo-cool ing  device.  Mangunese-air-:inc  cells  are  best  employed 
to  serve  as  th,s  type  of  source,  The  parameters  of  several  of  these 
cells,  which  are  mass-produced  In  industry,  are  shown  in  Table  13. 


Table  13 

The  Basic  Characteristics  of  Several  Manganese-Air-Zinc  Cells 
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S3.  Current  Converters 


In  a  ease  when  a  thermo-cooling  device  is  supplied  from  a  storage 
hatter>-,  the  operating  time  is  limited  by  the  value  of  the  capacity  of 
the  latter.  When  low  currents  are  taken  from  tne  storage  battery,  it  will 
naturally  operate  for  a  longer  period  of  time.  In  this  connection, 
several  types  of  current  converters  have  been  developed  to  supply  high- 
current  thermo-cooling  devices  from  storage  batteries.  The  converter 
accepts  a  direct  current  of  low  intensity,  but  at  a  relatively  high 
voltage,  and  converts  it  into  a  high  intensity  current  at  a  low  voltage. 

The  principal  design  of  one  converter  is  shown  in  figure  51.  This 
device  is  intended  to  convert  the  energy  of  direct  current  at  a  voltage 
of  24  v  into  direct-current  energy  at  a  voltage  of  1.5  v.  The  principle 
of  operation  of  the  converter  is  as  follows:  direct  current  from  the 
initial  voltage  source  (a  storage  battery)  is  converted  by  means  of  a 
generator  into  an  alternating  current  which  is  transformed  and  then 
rectified  by  weans  of  high-current  rectifiers. 
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Figure  51.  The  principal  design  of  a  converter  fer 
di rect  current . 


The  converter  is  assembled  according  to  the  design  of  a  push -pul  1 
blocking  oscillator,  loaded  by  a  full -wave  rectifier.  The  blocking 
oscillator  employs  l’4li  semiconductor  tnode.s  connected  in  pairs  in  each 
of  the  two  branches.  The  rectifier  design  employs  VC- 50- 15  germanium 
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diode  power  rectifiers.  Germanium  diode  VG-10-15  is  included  in  the 
input  circuit  in  order  to  protect  the  semiconductor  triodes  from  failure 
as  a  result  of  non-observance  of  polarity  in  ci  .  ecting  the  converter 
to  the  storage  battery.  Current  will  pass  through  he  diode  only  if  the 
initial  current  source  is  correctly  connected. 


The  blocking  oscillator  delivers  an  alternating  voltage  with  a  wave 
shape  that  is  almost  a  square,  and  with  a  frequency  of  approximately 
100  hz.  In  order  to  eliminate  spikes  on  the  leading  edge  of  the  voltage 
pulses  which  might  lead  to  destruction  of  the  triodes,  and  RC-circuit 
is  employed,  which  is  connected  to  a  special  winding  of  the  toroidal 
power  transformer. 

The  basic  technical  parameters  of  the  converter  are  as  follows. 


Initial  source  of  direct  current 
Current  drawn  from  the  initial  source 
Converter  output  voltage 
Converter  output  current 
Efficiency 

Direct  current  ripple  at 
Apparatus  dimensions  (ht 
Apparatus  weight 


the  converter  output 
*  wdth  x  lgth)  140 


Storage  battery,  24v 
3. 2  v  [sic] 

1.5  v 
40  a 
70°. 

60  mv 

210  *  260  mm 

6.6  kg 


An  overall  view  of  the  current  converter  is  shown  in  Figure  52. 
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Figure  52.  An  overall  view  of  an  industrial 
type  of  direct-current  converter. 
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In  conclusion  we  must  mention  the  appearance  recently  of  current 
converter  designs  employing  silicon-controlled  rectifiers  (KUV  [SCR]) 
or,  as  they  are  sometimes  called  theristors.  These  converters  possess 
a  number  of  essential  advantages  over  triode  converters;  in  particular, 
their  efficiency  may  reach  80-85°o. 

§ 4 .  Thermoelectric  Generators 

Thermoelectric  generators,  from  which,  as  is  known,  a  direct  current 
of  high  intensity  at  low  voltage  may  be  obtained,  may  be  successfully 
employed  to  supply  thermal  cooling  devices.  A  difference  in  temperature 
must  be  maintained  between  the  cold  and  the  hot  junctions  of  a  thermo¬ 
electric  generator  for  normal  operation.  In  this  case  the  value  of  the 
current  obtained  from  a  generator  under  load  is  determined  by  the 
relationship 
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where  a  is  the  sum  of  the  thermoelect romotive  forces  of  both  arms  of  the 
thermoelement;  T^  is  the  temperature  of  the  hot  junctions  of  the  thermo¬ 
element;  Tq  is  the  temperature  of  the  cold  junctions  of  the  thermoelement 

R  is  the  resistance  of  the  load  connected  tc  the  thermoelectric  generator 
r  is  the  internal  resistance  of  the  thermoelement. 

The  useful  power  delivered  by  the  thermoelectric  generator  to  the 
load  equals 
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And  finally,  the  efficiency  of  the  thermoelectric  generator  under 
a  condition  of  maximum  power  deliver)’  to  the  load  equals 
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where  z  is  a  quantity  which  characterizes  the  thermoelectric  properties 
of  the  materials  employe^. 

Thus  the  efficiency  of  a  thermoelectric  generator  is  fully  determined 
by  the  temperature  difference  at  the  ends  of  the  thermoelements ,  by  the 
value  which  determines  the  quality  of  the  materials  employed,  and  by  the 
ratio  of  the  load  resistance  to  the  internal  resistance  : f  the  thermo¬ 
electric  generator. 

For  semiconductor  materials  employed  at  the  present  time  in  thermo¬ 
electric  generators  (ZnSb  +  constantan) ,  z  =  0.5* 10'3  deg'1. 

Under  the  actual  operating  conditions  of  thermoelectric  generators, 
the  temperature  of  the  hot  junction  does  not  exceed  400°.  With  higher 
temperatures  the  process  of  diffusion  of  solder  into  the  semi  contactor 
materials  is  accelerated,  which  in  the  final  analysis  shebeens  the  period 
of  service  of  the  thermoelectric  generator. 

With  a  temperature  difference  between  the  hot  and  cold  junctions  of 
300° ,  the  efficiency  of  a  thermoelectric  generator  proves  to  equal  3-S«, 

The  design' layout  of  a  thermoelectric  generator  which  is  intended 
to  supply  thermo-cooling  devices  depends  on  the  electrical  parameters 
required,  on  the  source  of  heat  employed,  on  the  system  of  heat  removal 
and  on  a  series  of  other  initial  data. 

The  common  design  coupling  of  a  thermoelectric  generator  with  a 
thermo-cooling  device,  illustrated  in  Figure  53,  is  of  some  interest. 

An  overall  view  of  one  variation  of  such  a  device  is  shown  in  Figure  54. 

Here  thermo-cooling  device  1,  for  example  a  microrefrigerator  for  laboratory 
purposes,  is  in  contact  through  hot  junctions  2  of  thermoelectric  pile  3 
with  heat  removal  system  4,  which  is  a  hollow  cylinder  through  which  water 
flows  after  passing  through  nipple  5.  On  the  opposite  side,  cold  junctions 
6  of  the  pile  of  the  thermoelectric  generator  7  are  connected  with  the 
heat  removal  system.  Heating  element  9  is  attached  from  the  hot  side 
of  the  thermogenerator  pile  8.  Due  to  the  heating  element,  the  required 
temperature  difference  at  the  thermoelectric  generator  is  created.  A 
storage  battery,  the  common  electrical  supply,  or  any  other  source  of 
electrical  energy,  either  direct  or  alternating  current,  may  be  used 
as  a  source  of  initial  voltage  to  supply  the  thermoelectric  generator 
heater.  Thus  in  this  case  the  thermoelectric  generator  is  simultaneously 
also  a  current  convertor. 
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Figure  53-  The  diagram  of  a  thermoelectric 
generator  coupled  with  a  thermoelectric 
ref  ri  gerator. 
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Figure  5A.  An  overall  view  of  a  thermo¬ 
electric  generator  coupled  with  a 
thermoelectric  refrigerator. 

In  the  system  described,  the  thermoelectric  generator  is  not  only 
a  source  of  electrical  energy  which  supplies  the  pile  of  the  thermoelec¬ 
tric  cooling  device,  it  may  also  be  employed  for  smooth  regulation  of 
the  cooling  value.  In  fact,  if  the  value  of  the  current  which  supplies 
the  heater  of  the  thermoelectric  generator  is  varied,  the  temperature  on 


the  hot  junction  of  the  pile  will  change;  the  value  of  the  current  passing 
through  the  cooling  pile  will  change  in  conformity  with  the  temperature 
change . 

Notwithstanding  the  fact  that  devices  of  this  type  operate  with 
a  very  low  efficiency,  their  practical  employment  in  a  number  of  cases 
is  quite  advantageous. 

In  a  case  when  the  established  period  of  service  of  the  thermo- 
cooling  device  is  small  and  can  be  measured  in  minutes,  a  flare  with 
the  required  burning  time  may  be  employed  at  the  heat  source  for  the 
thermoelectric  generator. 


CHAPTER  IX 


SEVERAL  PROBLEMS  IN 
THERMO-COOL 


THE  TECHNOLOGY  OF  THE  MANUFACTURE  OF 
NG  DEVICES 


The  production  technology  of  thermo-cooling  devices  encompasses  a 
number  of  considerations,  the  most  important  of  which  are  described  below. 
Technological  problems  in  the  manufacture  of  semiconductor  materials  for 
thermopiles  are  unique  and  will  not  be  discussed  here. 

£1.  The  Manufacture  of  Thermoelement  Arms 

Semiconductor  alloys  possessing  electron  and  hole  conductivity 
(Bi +  Bi,Se^  and  Bi-,Te.  +  Sh,Te  ),  or,  as  we  shall  now  call  them, 

n-type  and  p-type  alloys,  are  produced  by  the  appropriate  enterprises  in 
the  form  of  ingots. 

The  first  operation  is  the  grinding  of  the  ingot  in  a  porcelain 
mortar  or,  for  large  quantities,  in  a  ball  mill,  lined  with  rubber  and 
equipped  with  steel  balls.  After  grinding,  sifting  of  the  powder  obtained 
is  accompl i slied  with  two  sieves  with  mesh  sizes  of  GO  and  80.  P-type  and 
n-type  alloys  are  ground  and  sifted  separately,  each  in  its  own  mill 
and  with  its  own  sieves.  In  order  to  avoid  oxidation  of  the  alloys  in 
the  powdery  state,  they  must  be  preserved  in  glass  bottles  with  ground 
glass  stoppers.  The  quantity  of  alloy  subject  to  simultaneous  grinding 
must  not  exceed  a  1  or  2  day  requirement  for  these  materials. 

The  molding  of  the  thermoelement  arms  is  a  very  important  operation. 
The  molding  conditions  for  the  p-type  and  n-type  alloys  are  different. 

The  p-type  alloy  is  molded  at  a  temperature  of  410°  with  a  pressure  of 
8.5  t/cm^.  The  pressure  must  be  maintained  for  a  period  of  5  minutes. 
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The  n-type  alloy  must  be  molded  at  a  temperature  of  435°,  with  a 
pressure  of  8  t/ciiv’,  and  the  pressure  must  be  maintained  for  5  minutes. 
Deviations  from  the  values  indicated  are  permissible  within  the  foil  wing 
ranges:  temperature,  ±5°,  pressure  iO.5  t,  duration  of  applied  pressu:  , 
i  1  minute.  The  molding  is  accomplished  on  a  hydrauli.  press,  in  a 
special  split  casting  mold,  which  is  shown  diagrammal icalty  in 
Figure  55.  Heating  of  the  casting  mold  to  the  requite-,;  temperature  is 
accomplished  by  electric  heater  1,  situated  in  ring  2  ei  the  casing  mold. 
Die  3  consists  of  2  parts  machined  to  the  shape  of  a  cone  on  the  outside. 
It  is  placed  in  a  corresponding  conical  opening  in  the  ring.  It  is 
usually  necessary  to  accomplish  2-sided  molding  of  the  product,  and  for 
this  reason  2  punches  4  and  5  and  rubber  ring  b  are  employed.  Temperature 
measurement  in  the  casting  mold  is  accomplished  by  thermocouple  7. 


Figure  55-  The  design  of  a  split  casting  mold 
for  molding  thermoelement  arms. 


The  selection  of  an  appropriate  material  for  the  die  and  the 
punches  of  the  casting  mold  is  an  important  consideration.  The  fact 
is  that  tellurium,  which  is  a  component  part  of  the  p-type  and  n-type 
alloys,  at  molding  temperatures  interacts  with  the  material  of  the  casting 
mold  and  forms  pits  which  increase  with  time  and  which  contribute  to 
the  failure  of  the  casting  mold.  In  addition,  the  material  of  the  die 
and  the  punches  must  not  anneal  at  operating  temperatures  and  pressures. 

Type  3X2B8  chrome- vanadium  steel,  hardened  to  Rc  =  55-60,  is  a 
material  which  satisfies  ail  requirements  relatively  well.  However,  the 
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possibility  cannot  be  excluded  that  several  types  of  heat  resistant  alloy 
steels  may  prove  to  be  more  resistant  to  the  action  of  the  alloy  than 
3X2B8  steel.  We  note  that  an  attempt  has  been  made  to  manufacture  dies 
and  punches  for  casting  molds  from  corundum  (Al^O^).  This  material  does 

not  interact  at  all  with  the  alloys,  however,  the  manufacture  of  such 
casting  molds  at  the  present  time  is  associated  with  a  great  deal  of 
technical  difficulty. 

In  1959,  A.  N.  Voronin  and  R.  V.  (irinberg  proposed  a  method  of 
cold  molding  of  thermoelement  arms.  The  essence  of  this  method  consisted 
of  conducting  the  molding  process  at  room  temperature,  and  then  the 
molded  articles  were  subject  to  normal  annealing  in  a  vacuum  in  accord¬ 
ance  with  a  special  process.  In  so  far  as  their  electrical  and  thermo¬ 
physical  properties  are  concerned,  the  articles  obtained  by  the  cold 
molding  methods  are  better  than  those  obtained  in  a  hot  casting  mold. 
However,  the  cold-molded  articles  possess  reduced  mechanical  strength, 
which  must  be  taken  into  consideration  in  apparatus  design. 

The  dependence  of  the  mechanical  properties  (compression  strength) 
and  the  temperature  drop  at  the  thermoelement  on  the  pressure  value 
during  the  molding  is  shown  in  figure  5b. 


j. 


u  y  w  j:  j.  y  a T.  V 


Figure  56.  Temperature  difference 
(AT)  and  compression  strength 
according  to  Brine!!  (BUN)  and 
Shore  (SHN)  hardness  as  a  function 
of  pressure  (P)  during  the  molding 
of  thermoelement  arms. 


Domestic  inductry  produces  alloys  for  thermoelements  which  are 
accomplished  through  cold  molding  for  the  p-type  arm  and  by  hot  molding 
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for  the  n-type  am,  Thi  basic  properties  of  industrially-produced  thermo¬ 
electric  alloys  arc  shown  in  Table  14. 

Table  14 


The  fas i c  Parameters  of  Industrial ly- Produced  Thermoelectric  Alloys. 
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NOTF.  The  thermoelectric  alloys  listed  in  the  table  provide  a  temperature 
difference  of  82-36°  for  a  single-stage  thermoelement  in  air  under  a  layer 
of  wadding  at  a  hot  junction  temperature  of  ♦2h°  , 

Key:  a,  Type  of  alloy;  h,  Type  of  conductivity;  c,  coefficient  of  electrical 
conductivity  o,  ohm  l-cm^l  d,  coefficient  of  thermoelectromotive  force 
a,  cv/deg;  e,  u-c,  f,  molding;  g,  annealing;  h,  pressure,  t/cm-;  i,  time, 
minutes;  i,  temperature,  V;  k,  time,  hours;  1,  temperature,  °C. 


After  molding,  the  articles  obtained  are  anisotropic.  In  tbe  manufact¬ 
ure  of  thermoelement  arms,  sometimes  briquettes  of  large  dimensions  are 
molded,  which  are  then  cut  into  pieces  of  the  required  size,  In  this  conn¬ 
ection  it  is  necessary  to  follow  the  following  rules:  the  direction  of  the 
passage  of  the  electrical  current  through  the  thermoelement  must  he  perpend¬ 
icular  to  the  direction  of  the  molding.  The  cutting  of  the  briquette-stock 
is  accompl i shed  on  a  special  machine  tool  with  thin  abrasive  vulcanite- 
bonded  disks.  The  thickness  of  the  disks  employed  is  0.2  mm. 

Numerous  experiments  have  been  conducted  in  the  manufacture  of  thermo¬ 
element  arms  by  the  casting  method  with  directional  crystallization  and 
pulling  of  arms  from  the  melt.  Specimens  obtained  in  this  manner  possess 
high  thermophysical  and  electrical  properties,  but  the  processes  of  cast¬ 
ing  with  direct  crystallization  and  pulling  from  the  melt  have  thus  far 
proved  to  be  low  in  productivity.  After  appropriate  improvement  and  the 
creation  of  a  high -output  apparatus,  these  methods  of  manufacturing  thermo¬ 
element  arms  will  prove  to  be  more  effective.  This  is  also  apparent  be¬ 
cause  thermoelements  of  this  type  have  a  higher  figure  of  merit,  which 
reaches  a  value  of  3, 0-10*3  deg  *1  for  the  p-type  arm  and  2.8-10*3  deg"’ 
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for  the  n-type  arm.  Thus  for  the  commutated  thermoelement,  z  proved  to 
equal,  on  the  average,  2.8*10  3  deg  1 .  Such  thermoelements  prove  in  one 
stage  a  temperatue  difference  of  63-65®  (with  a  hot  junction  temperature 
of  20°). 

§2.  The  Tinning  of  Thermoelement  Arms 

The  connecting  together  of  the  thermoelements,  and  ns  a  part  of  this 
process,  the  tinning  of  the  arms,  is  one  of  the  most  important  processes 
in  the  technology  of  the  manufacture  of  thermo-cooling  devices. 

As  we  have  pointed  our  previously,  the  thermoelement  figure  of  merit 
is  defined  by  the  value 
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In  this  equation  only  the  specific  resistance  (p)  of  the  arm 
material  is  taken  into  consideration,  and  it  is  assumed  that  all  the 
remaining  resistance  in  the  thermoelement  circuit  is  infinitely  small. 

In  actual  practice  the  resistance  of  the  junction  contacts  between  the 
semiconductor  and  the  connecting  plates  of  the  cold  and  hot  junctions 
must  be  added  to  the  characteristic  resistance  of  the  thermoelement  arms. 
It  is  not  difficult  to  show  that  in  this  case  the  figure  of  merit  of  a 
practical  thermoelement  will  be  determined  by  the  ratio 


1* 


where  r  is  the  semiconductor  contact  resistance  with  the  connecting  plate 
having  an  area  of  1  cm";  and  l  is  the  length  of  the  thermoelement  arm.,  cm. 

It  is  apparent  from  the  ratio  shown  that  the  contact  resistance 
decreases  the  value  of  the  thermoelement  figure  of  merit,  and  thus  causes 
the  operating  parameters  of  the  device  to  deteriorate, 

Therefore,  one  of  the  basic  tasks  in  the  technique  of  thermoelectric 
cooling  is  the  search  for  methods  of  connecting  the  semiconductor  with 
the  connecting  plates  while  maintaining  sufficiently  small  junction 
resistances.  Elementary  calculations  reveal  that  the  value  of  the 
specific  junction  resistance  must  be  o'  10  5  ohm*cm.  This  condition 
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may  be  satisfied  by  direct  soldering  of  the  connecting  plates  to  the 
thermoelement  arms.  However,  as  is  known,  the  process  of  soldering  is 
always  accompanied  by  diffusion  of  the  solder  into  the  material  of  the 
parts  joined  together.  While  during  the  soldering  of  ordinary  materials 
this  diffusion  only  increases  the  mechanical  strength  of  the  solder 
joint,  in  the  case  of  soldering  semiconductors  even  minute  penetration 
of  the  solder  into  the  basic  material  of  the  semiconductor  may  cause  a 
radical  change  in  the  properties  of  the  latter.  On  the  other  hand,  in 
order  to  obtain  mechanical  strength  of  the  solder  joint,  it  is  necessary 
to  permit  solder  diffusion  into  the  semiconductor. 

The  solution  to  this  problem  lies  in  the  search  for  appropriate 
sc  .'^rs,  which  must  satisfy  the  following  basic  requirements:  1)  the 
so  r  must  not  unite  with  the  material  of  the  semiconductor  to  form 
ti  .pounds  which  possess  high  ohmic  resistance;  2)  in  penetrating  the 
semiconductor,  the  solder  must  not  change  its  electrical,  mechanical 
and  thermal  properties;  3)  the  solder  must  have  a  melting  point  not 
higher  than  450°;  4)  in  a  melted  state  the  solder  must  serve  as  a  good 
semiconductor  wetting  agent;  5)  at  the  melting  point  the  solder  must  be 
fluid;  6)  and  the  solder  must  display  a  small  temperature  difference 
between  the  points  of  initiation  and  termination  of  melting  (a  small 
difference  between  the  liquidus  and  solidus  lines);  7)  the  solder  must 
possess  the  required  mechanical  Strength. 

It  is  quite  clear  that  to  select  a  solder  which  possesses  all  of 
the  requirements  enumerated  is  quite  difficult.  However,  a  solder  based 
on  bismuth  has  properties  which  are  sufficiently  close  to  those  required. 
The  composition  and  melting  point  of  those  solders  which  particularly 
recommend  themselves  in  practice  are  shown  in  Table  15. 


Table  15 

The  Composition  and  Properties  of  Solders  for  Semiconductor 

T  i  nr.  i  ng 


Solder  composition  Melting  point.  Semiconductor 
(%  by  weight)  °C  adhesion 


BuBi 

■m  Hi  —  is,. 
yr*Hi  -j-  .'iSm 
•  WHi  -r  I  OS  ii  ' 
noni  -T-josi,  - 
SOIli  q-  2>>Sli 


Sat i s  factory 
271  Excellent 

20.">  Good 


400 
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The  application  oi'  a  layer  of  solder  to  the  facial  surfaces  of  the 
thermoelement  arms  is  effected  with  an  electrical  soldering  iron,  equipped 
with  a  head  of  pure  nickel.  The  employment  of  a  nickel  rather  than  a 
copper  iron  is  dictated  by  the  fact  that  copper  dissolves  in  solder, 
which  penetrates  the  semiconductor  and  forms  tellurium  compounds  with 
the  latter,  which  possess  high  resistance.  The  temperature  of  the  iron 
must  be  20-30°  higher  than  the  melting  point  of  the  solder  employed. 

Higher  soldering  iron  'neat  is  not  permissible. 

While  soldering  it  is  necessary  to  employ  flux  in  order  to  insure 
that  the  surface  of  the  semiconductor  is  well  wetted.  Soldering  flux 
for  thermoelement  arms  must  fulfill  the  following  requirements:  1)  it 
must  have  a  melting  point  considerably  lower  than  the  melting  point  of 
the  solder;  2)  in  a  liquid  state  it  must  thoroughly  wet  the  semiconductor 
surface;  3)  in  a  liquid  state  it  must  possess  neutral  or  weakly  restoring 
effects;  4)  it  must  not  react  with  solder  and  with  the  semiconductor; 

S)  it  must  be  easily  removed  after  soldering.  Pure  stearic  acid,  which 
is  usually  employed  as  a  flux,  satisfies  the  properties  listed  when 
bismuth-tin  solders  are  used. 

In  using  bismuth-antimony  solders,  which  have  a  higher  melting  point, 
it  is  best  to  employ  a  flux  consisting  of  20%  sal  ammoniac  (NH4CI)  mixed 
with  glycerin. 

Experiments  have  been  conducted  in  tinning  arms  with  an  ultrasonic 
soldering  iron.  These  tests  did  not  yield  positive  results  since  the 
semiconductor,  being  relatively  soft,  suffered  surface  destruction  under 
the  influence  of  ultrasonic  cavitation,  which  interfered  with  the  bond 
between  the  solder  and  the  semiconductor. 

Tests  were  conducted  in  the  preliminary'  preparation  of  the  semi¬ 
conductor  surface  for  soldering  by  means  of  a  galvanic  deposit  of  a 
thin  layer  of  nickel  or  iron.  The  results  obtained  with  this  method 
reveal  a  lack  of  junction  resistances  at  the  places  coated.  However, 
the  practical  realization  of  this  connection  method  is  associated  with 
a  great  deal  of  technical  difficulty. 

In  tinning  a  semiconductor  with  pure  bismuth  or  with  bismuth  solders, 
the  solder  layer  usually  must  have  a  thickness  of  0.2-0. 3  mm.  This  is 
required  in  order  to  create  a  distinctive  buffer  layer  which  must  separate 
the  semiconductor  and  the  connecting  plate,  since  their  coefficient  of 
layer  expansion  differ  greatly.  If  no  buffer  layer  were  present,  the 
influence  of  frequent  temperature  shocks,  generated  when  switching  the 
thermopile  on  and  off,  would  cause  microcracks  in  the  junction  which 
would  increase  the  junction  resistance  and  correspondingly  reduce  the 
effectiveness  of  the  thermopile. 
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§3-  Thermopile  Connections 

Thermopile  connections  are  part  of  the  process  of  connecting  the 
separate,  previously  tinned  thermoelement  arms  in  the  thermobattery  by 
means  of  so-called  connecting  plates.  As  we  have  pointed  out  previously, 
depending  on  the  chosen  design  connection  of  the  apparatus,  the  individual 
thermoelements  may  be  connected  with  each  other  in  series,  in  parallel, 
or  in  series-parallel.  These  thermopile  connections,  just  as  the  tinning 
of  the  thermoelement  arms,  are  very  important  operations;  the  parameters 
of  the  completed  apparatus  depends  on  the  quality  of  their  execution. 
High-quality  connections  must  satisfy  the  following  basic  requirements: 

1)  The  value  of  the  junction  connecting  layer  must  be  not  more  than 
10  -r>  ohm* cm; 

2)  The  connecting  plates,  by  means  of  which  the  electrical  connec¬ 
tion  between  the  separate  arms  of  the  thermoelement  is  accomplished,  must 

be  manufactured  from  a  material  which  possesses  high  electrical  conductivity 
(copper  or  aluminum) ; 

5)  The  connecting  plate  junction  with  the  semiconductor  must  possess 
sufficient  mechanical  strength;  this  requirement  is  dictated  by  the  fact 
that  in  the  process  of  thermoelement  operation  significant  mechanical 
stress  is  generated  within  the  element  which  might  lead  to  element 
destruction; 

4)  The  chosen  method  of  connection  must  provide  for  extended  opera¬ 
tion  of  the  apparatus  without  a  change  in  basic  electrical  and  thermal 
technical  parameters  as  a  result  of  connecting  plate  alloy  diffusion 
into  the  semiconductor; 

5)  After  extended  storage  of  the  thermo-cooling  device,  the  processes 
of  recrystallization  and  dispersed  solidification  must  not  occur  in  the 
connecting  layer,  since  they  might  lead  to  a  deterioration  in  the  quality 
of  the  connections; 

6)  The  selected  connection  method  must  be  sufficiently  perfected  for 
production  so  that  method  execution  may  be  achieved  by  workers  of  average 
qualifications . 

In  recent  times  many  thermoelectric  pile  connection  methods  have 
been  tested;  however,  the  highest  quality  method  proved  to  be  that  of 
direct  soldering  of  the  connecting  plates  to  previously  tinned  thermo¬ 
element  arms  with  low  melting-point  and  soft  solders.  The  composition 
and  melting  points  of  solders  employed  for  thermoelectric  pile  connections 
are  shown  in  Table  16. 
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Table  '6 

The  Composition  and  Melting  Point  of  Connecting 
Solders 
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Key:  a,  Melting  point,  °C;  b,  alloy  composition 

('■£  by  weight);  c,  name  of  the  alloy;  d,  bismuth; 
e,  lead;  f,  tin;  g,  cadmium 


The  wide  range  in  melting  points  of  connecting  solders  is  due  to 
the  fact  that  in  the  numoor  of  specific  cases,  depending  on  the  conditions 
of  operation  of  a  thermoelectric  cooling  device,  the  thermoelectric 
pile  operates  under  various  temperature  conditions.  In  addition,  in 
several  multi-stage  thermopile  designs  the  individual  stages  are  connected 
with  solders  of  various  melting  points  for  convenience  in  assembly. 

Basically  the  connection  process  is  accomplished  with  the  usual 
electrical  soldering  iron  with  a  copper  head,  previously  tinned  with  a 
thin  layer  of  tin.  The  head  temperature  of  the  iron  must  not  exceed  the 
melting  point  of  the  solder  by  more  than  10-20°.  Otherwise  an  intensive 
diffusion  occurs  from  the  connecting  solder  into  the  solder  with  which 
the  semiconductor  was  tinned,  and  as  a  result  junction  resistance  is 
sharply  increased. 


'"Translated  from  the  Russian.  This  is  a  possible  trade  name  for  a 
metal  alloy." 
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Pure  stearic  acid  is  usually  employed  as  a  flux  during  the  connection 
process . 

Due  to  the  fact  that  the  process  of  thermopile  connection  is 
relatively  time  consuming,  work  involving  the  mechanization  of  this 
operation  deserves  attention.  Thus,  for  example,  1.  L.  Gerlovin 
developed  the  method  of  so-called  simultaneous  thermopile  connections. 

The  essence  of  this  method  consisted  of  the  following:  the  copper 
connecting  plates  were  tinned  by  immersion  with  a  thin  layer  of  connecting 
alloy,  consisting  of  70°»  Bi  and  30«  Sn,  which  had  a  melting  point  of  170°. 
The  thermoelement  arms  were  not  tinned,  but  merely  cleaned  with  fine 
emery  cloth  at  the  soldering  areas.  Then  the  thermoelement  arms  and  the 
tinned  plates  were  placed  in  a  special  device  in  which  they  were  pressed 
against  each  other  by  means  of  a  spring. 

The  soldering  process  was  carried  out  strictly  by  means  of  immersing 
the  device  in  stearic  acid,  which  was  heated  to  a  temperature  of  25-30° 
higher  than  the  melting  point  of  the  solder  with  which  the  connecting 
plates  had  been  tinned.  The  length  of  time  that  the  device  was  maintained 
at  the  established  temperature  depended  on  a  number  of  factors,  but 
usually  did  not  exceed  5  minutes.  The  quality  of  the  connections  using 
the  method  described  depended  on  the  value  of  the  pressure  pressing  the 
connecting  plates  to  the  semiconductors.  The  best  results  were  obtained 
witii  pressures  from  0.7S  to  i  kg/'em  . 

The  junction  resistance  in  thermoelement  specimens,  prepared  by  the 
simultaneous  connection  method,  was  sufficiently  low  and  was  1.42-10”5 
ohm-cm  for  the  p-arm  and  0.86-10  ‘J  ohm-cm  for  the  n-type  arm. 

However  it  must  be  noted  that  the  method  of  simultaneous  connections 
thus  far  may  be  employed  only  in  those  cases  when  a  thermoelement  or 
a  simple  thermopile  represents  a  constructively  finished  sub-assembly, 
which  in  a  finished  form  is  assembled  in  an  apparatus.  In  the  majority 
of  cases  a  thermoelectric  pile  is  an  integral  construction  element  of 
the  device  and  its  connection  by  the  method  described  might  present 
certain  difficulties. 

Quality  control  of  the  connections  in  an  individual  thermopile  or 
a  finished  device  is  most  easily  accomplished  by  means  of  measuring  the 
voltage  drop  on  individual  thermoelements.  During  the  passage  of  the 
rated  design  current  through  a  properly  constructed  thermoelement,  the 
voltage  drop  across  the  element  must  lie  in  the  range  of  70-85  mv.  The 
voltage  drop  on  the  p-arm  must  be  30-35  mv,  and  on  the  n-arm,  45-50  mv. 

It  must  be  stipulated  that  the  indicated  value  of  normal  voltage 
drops  on  a  thermoelement  depends  on  the  electrical  conductivity  of  the 
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material  utilized  and  on  the  thermoelement  temperature.  Therefore,  for 
a  more  exact  determination  of  the  value  of  the  voltage  drop,  we  must  make 
use  of  the  equations  presented  in  Part  1,  Chapter  I.  In  any  case,  the 
value  of  the  voltage  drop  on  separate  arms  or  thermoelements  of  a  thermo¬ 
electric  pile  must  not  differ  by  more  than  * 5° .  A  voltage  drop  which 
exceeds  the  specified  limit  indicates  a  low-quality  connection.  A 
significant  increase  in  the  voltage  drop  on  a  thermoelement  indicates 
a  defective  connection  as  a  result  of  thermostresses  or  mechanical 
damage.  A  decrease  in  the  voltage  drop  below  the  standard  amount  indi¬ 
cates  the  presence  of  a  short  circuit  in  the  pile,  which  is  usually  the 
result  of  excess  solder  on  the  semiconductor. 

S4.  Other  Technological  Cons i de rat i ons 

In  a  number  of  designs  of  thermo-cooling  devices  aluminum  is  employed 
instead  of  copper  with  the  aim  of  decreasing  the  weight  and  of  replacing 
scarce  materials.  iVhen  such  a  substitution  is  made,  it  is  necessary  to 
take  into  consideration  tiiat  the  coefficient  of  heat  conductivity  for 
aluminum  is  2  times  higher  than  the  coefficient  for  copper.  In  this 
connection  type  "A-0"  or  "A-QO"  aluminum  must  be  employed  as  the  construc¬ 
tion  material  for  the  manufacture  of  heat  transfer  sub-assemblies  and 
parts  in  thermo-cooling  devices. 

In  employing  aluminum  in  heat  transfer  systems,  the  necessity  often 
arises  to  provide  for  a  heat  and  electrical  junction  from  aluminum  to 
copper.  This  type  of  junction  may  be  provided  by  one  of  the  following 
methods : 

1)  by  direct  soldering  of  the  copper  part  to  the  aluminum  with  pure 
tin  with  the  application  of  34-A  standard  flux;1 

2)  by  electroplating  (the  Schoop  process)  aluminum  in  places  subject 
to  soldering  with  zinc,  iron,  nickel  or  other  metals  with  subsequent 
soldering  to  the  metallized  layer  of  the  copper  parts  with  any  solder; 

3)  by  galvanically  coating  the  aluminum  with  nickel  with  subsequent 
soldering  of  the  copper  parts  to  this  layer  with  soft  solders. 

A  high  grade  nickel  coating  on  aluminum  may  be  obtained  in  accordance 
with  the  following  procedure: 


'The  composition  of  34-A  flux  is  as  follows:  lithium  chloride  35%, 
potassium  floride  12%,  zinc  chloride  15%,  potassium  chloride  38%. 
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1)  degassing  of  rluminum  in  a  bath  with  the  composition:  25  g/ 1 
Na2C02*  1011,0,  2S  g/1  Na^PO^  •  1211 ,0 ,  with  a  solution  temperature  of  00-80°, 

and  a  degassing  time  of  1-3  minutes; 

23  a  careful  washing  in  water; 

3)  pickling  in  a  20-2S‘l  solution  of  li^SO^  at  a  temperatue  of  85-00° 
for  2-5  minutes; 

4)  washing  in  running  water; 

5)  the  application  of  a  zinc  film  in  a  solution  of  400-500  g/1 
NaOII,  50-100  g/1  ZnO,  with  a  solution  temperature  of  20-30°,  and  a 
processing  time  of  0.5-1  minute; 

b)  washing  in  running  water; 

7)  removal  of  zinc  film  in  a  SO".,  solution  of  UNO.; 

8}  washing  in  running  water; 

i>)  repetition  of  the  application  of  the  zinc  film; 

10)  washing  in  running  water; 

11)  nickel  plating  in  a  solution  of  the  following  composition: 

95  g/1  NiSOj,  95  g/1  Na,SO^,  18  g/1  NH^Cl ,  15  g/1  ll.BO.,  with  an  electro¬ 
lyte  temperature  of  21-27°,  and  a  current  density  of  1-4  a/dm'. 

The  nickel  coating  obtained  in  the  manner  described  is  exceptionally 
well  bonded  to  the  aluminum,  which  permits  multi-stage  soldering  to  it 
with  soft  solders. 

When  joining  aluminum  with  other  metals,  it  is  necessary  to  keep 
in  mind  the  electrochemical  potentials  of  both  metals.  If  this  circum¬ 
stance  is  not  considered,  the,  joined  area,  under  the  influence  of 
moisture  from  the  surrounding  air,  will  be  subject  to  corrosion.  In 
order  to  prevent  moisture  penetration  to  the  contact  areas  of  aluminum 
with  other  metals,  these  areas  are  sealed  with  epoxy  resin. 

In  order  to  create  an  electrically  insulated  heat  junction  in  some 
devices,  oxidized  aluminum  or  oxidized  copper  parts  are  employed.  Here 
we  shall  show  the  oxidizing  processes  and  the  formula  for  the  baths. 
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Oxidization  of  aluminum 


Electrolyte 

Anode 
Cathode 
Vol tage 

Current  dens  i  ty 
Duration  of  the  process 
Electrolyte  temperature 

Ox i di zat ion  of 

Electrolyte 

Anode 

Cathode 

Ratio  of  cathode  area  to  an<  area 
Vol tage 

Current  density 
Duration  of  the  process’ 

Electrolyte  temperature 


200  g  H^SO^,  density 

I  .8*1  and  1000  g  HjO 

A! umi num 

Lead 

8' 12  v 

10-20  a/dm2 

20-25  minutes 

5-10° 

coppe  r 

100  g  NaOH  in  1000  g  1^0 
Coppe  r 
I  ron 
5:1 

8-10  v 
0.5  a/dm2 
20-30  minutes 
80-90° 


Epoxy  compounds  are  widely  employed  in  the  technique  of  creating 
thermoelectric  cooling  devices.  Of  the  large  number  of  compounds,  the 
most  suitable  proved  to  be  a  compound  which  polymerizes  at  room  tempera¬ 
ture,  and  a  thermoreactive  compound  which  requires  heat  for  polymerization. 
The  following  is  the  formula  for  their  preparation. 


I  .  ED- 6  epoxy  res  I n 

Polyethylene  polymine 
Di butyl  phthalate 
Polymerization  temperature 
Complete  polymerization  time 
I  I .  Phthal i c  anhydrl de 
Dibutyl  phthalate 
ED-6  resin 

Polymerization  temperature 
Polymeri zat ion  time 


100%  by  weight 
1*4%  by  weight 
25%  by  weight 
room  temperature 
2k  hours 
35%  by  weight 
15%  by  weight 
100%  by  weight 
) 60- 1  80° 

2  hours 
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The  manufacturing  process  of  a  thcrmo-cool ing  device  is  associated 
with  the  carrying  out  of  a  number  of  technical -chemical  operations. 

The  basic  formulas  arc  shown  below. 

1)  Smooth  etching  of  soft  steel  and  nickel.  One  part  by  volume  of 
H2S04  (1.84)  and  5  parts  by  volume  by  water  at  temperature  T  =  80°. 

Vigorous  washing  is  accomplished  after  the  etching  period. 

2)  Vigorous  matte  etching  of  soft  steel  and  nickel.  One  part  by 

volume  of  IINO^  (1.4)  and  1  part  by  volume  of  (1.84)  at  temperature 

T  *  20-30°  for  5  seconds.  Drying  is  accomplished  in  a  thermostatic 
chamber  after  washing  in  running  water. 

3.  litching  of  constantan.  One  part  by  volume  of  ll2S04  (1.84)  and 

9  parts  by  volume  of  water  at  temperature  T  =  60°.  Washing  is  accomplished 
in  running  water,  and  in  methyl  alcohol,  after  which  drawing  is  accom¬ 
plished  in  a  current  of  warm  air. 

4.  Itching  of  high-chromium  steel.  One  part  by  . olumo  of  HCZ(1.19) 
and  one  part  by  volume  of  water  at  temperature  T  =  60°.  Washing  is 
accomplished  in  running  water,  and  drying  in  dry  air. 

5.  Matte  etching  of  copper  and  its  alloys.  One  part  by  volume  of 
HNO^  (1.4),  2  parts  by  volume  of  H^SO^  (1.84)  and  7  parts  by  volume  of 

water  at  temperature  T  =  70°  for  a  period  of  1-4  minutes.  Drying  is 
accomplished  after  washing  in  warm  water. 

6.  Bright  etching  of  copper  and  its  alloys.  7.5  g  NaCZ,  7.5  g  NaNOj, 

37S  ml  UNOj  (1.4),  375  ml  H.,S04  (1.84)  and  700  mt  of  water  at  temperature 

T  *  25°  for  approximately  1.5  minutes.  Drying  in  a  thermostatic  chamber 
is  accomplished  after  vigorous  washing  in  water  and  ethyl  alcohol. 

7.  Scouring  of  copper  oxide  (CuO)  from  the  surface  of  copper  and 
copper  junctions.  The  mixture  is  a  solution  of  FeS04  and  a  5%  solution 

of  ll,SO . . 

2  4 

8.  Matt**  etching  of  tungsten.  One  hundred  fifty  g  KjFe(Cn)&,  1,000  g 

NaOII  and  5  l  of  water  at  temperature  T  =  70°  for  a  duration  of  0.5  to  2 
hours.  Washing  is  accomplished  in  warm  water,  then  a  rapid  wash  in 
IICZ  (1:2),  the  washing  in  water  is  repeated  and  drying  is  accomplished 
in  warm  air. 
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Matte  etching  of  molybdenum  and  nickel.  One  hundred  parts  by 
volume  of  H^SO^  (1.84)  and  20  parts  by  volume  of  IINO^  (1.4)  at  tempera¬ 
ture  T  =  80°. 

10.  Smooth  etching  of  molybdenum,  tantalum,  and  columbium.  Nine 
parts  by  volume  of  KOH  and  1  part  by  volume  of  NaNO^.  Fuse  the  salts 

in  an  iron  crucible,  followed  by  quick  etching  (not  longer  than  1  second) 
of  the  parts  in  this  melt,  rapid  washing  in  boiling  water,  and  washing 
in  running  water  and  ethyl  alcohol.  Drying  is  accomplished  in  warm  air. 

11.  Smooth  etching  of  tungsten.  F.tching  is  accomplished  in  fused 
NaNO,;  the  remainder  of  the  process  is  the  same  as  in  formula  10. 

12.  1: lectrochemical  degreasing  and  etching  of  all  metals  and  alloys. 

A  bath  with  the  solution  6  parts  by  weight  of  NaOU,  2  parts  by  weight  of 
NaCN,  2  parts  by  weight  of  K^CO^,  0.8  parts  by  weight  of  water  glass, 

100  parts  by  weight  of  water  at  a  temperature  T  *  25°  for  1-2  minutes; 
the  parts  are  on  the  cathode,  the  anodes  are  steel,  the  voltage  is  6-10  v, 
current  density  4-8  a/dm2.  Drying  is  accomplished  after  careful  washing. 

13.  Bright  electrolytic  etching  of  tungsten  in  molybdenum.  Two 
hundred  g  NaOU,  30  g  Na^SO^-lO  li-,0  and  1  Z  of  water.  Alternating  current 

is  employed  at  a  voltage  of  20-30  v.  The  electrodes  are  of  nickel. 
Duration  of  the  etching  is  10-20  seconds  at  temperature  T  =  2S°.  The 
bath  is  switched  to  direct  current  at  a  voltage  of  25-40  v;  the  parts 
are  on  the  anode,  and  etching  duration  is  5-10  seconds,  hashing  is 
accomplished  in  running  water,  rinsing  in  HCJ  (1:1),  then  washing  in 
running  water,  and  drying  in  a  current  of  warm  air. 

14.  Bright  electrochemical  etching  of  nickel,  its  alloys  and  high- 

chrome  steel.  Five  hundred  g  H^PO^  (1*7),  250  g  (1.81)  and  25  g 

water  at  temperature  T  =  25°  for  a  duration  of  10-30  seconds.  Vigorous 
scouring.  The  voltage  is  15-30  v,  current  density'  400  a/ dm2,  the 
parts  are  on  the  anode,  and  the  cathodes  are  steel.  Drying  is  accom¬ 
plished  in  a  thermostatic  chamber  after  washing  in  running  water  for 
2-3  hours. 

15.  Bright  electrochemical  etching  of  copper  and  its  alloys.  The 
bath  is  HjPO^  (1.7)  at  temperature  T  =  25°,  while  etching  duration  is 

10-30  seconds;  the  parts  are  on  the  anode,  the  cathodes  are  steel,  the 
voltage  is'-  30  v,  current  density  is  80  a/dm2.  Drying  is  accomplished 
in  a  current  of  dry  air  after  careful  washing  in  distilled  water  anu 
ethyl  alcohol. 


-141- 


10.  Llcctropolishing  of  steel,  nickel,  and  nickel  platings  on 
aluminum  alloys.  The  hath  is  750  mi  (.1.7),  150  mi  II^SO^  (1.84), 

100  g  CrOj. 

When  the  temperature  T  =  00-80°,  the  current  density  for  steel  is 
30-40  a/dm?,  for  nickel,  25-35  a/dm  for  a  duration  of  1-3  minutes;  for 
aluminum  alloys,  20-30  a/dnr'  for  a  duration  of  5  minutes, 

17.  Chemical  blackening  of  copper.  Degreasing  and  etching  in  UNO, 

of  copper  parts  suspended  in  a  bath  of  the  following  composition: 

IS  g  (potassium  persulfate),  50  g  NaOII,  1  Z  of  water  (distilled). 

The  solution  temperature  is  00-05°.  Blackening  time  is  5  minutes.  During 
the  blackening  process  the  parts  are  turned  in  the  solution  in  order  to 
remove  air  bubbles  which  settle  on  them.  After  blackening  the  parts, 
they  are  washed,  dried  and  rubbed  with  a  clean  soft  cloth. 

18.  Chemical  blackening  of  brass.  Degreasing  and  etching  in  IINO^ 

of  the  parts  which  are  suspended  in  a  bath  of  the  following  composition: 
7.S  g  K^S,0  52  g  NaOH,  1  Z  of  water  (distilled).  The  solution  tempera- 

*.  o 

ture  is  b0-05°.  Blackening  time  is  15-20  minutes . 

10.  Chemical  oxidi ration  of  brass  to  a  black  color.  Degreasing  and 
etching  of  brass  parts  for  15-20  minutes  while  they  .tre  immersed  in  a 

solution  as  follows:  12S  g  CuCO  •Cu(OII)  (basic  copper  carbonate), 

»>  *1 

355  mZ  NII.UI  (25°.  solution),  1  Z  of  water.  The  solution  temperature  is 
18-20°. 


20.  Surface  coating,  i.e,  obtaining  by  electrochemical  means  thick, 
non-transparent  oxide  films  or  aluminum  gives  the  coated  article  an 
enameled  appearance.  This  is  employed  as  an  electrically-insulating 
and  decorative  covering.  The  covering  possesses  significant  thermal 
stability  and  high  mechanical  properties.  This  technique  of  surface 
coating  consists  of  the  following:  polished,  degreased  and  washed 
aluminum  parts  placed  on  hangers  of  pure  aluminum  and  submerged  in  a 
bath  of  the  following  composition:  30  g/Z  CrO^,  1-2  g/Z  H^BO^.  The 

electrolyte  temperature  is  45  i  3°,  the  voltage  is  40-80  v,  and  current 
density  is  0,4-1  a/din-  .  The  oxidization  duration  is  1  hour.  The  part 
undergoing  oxidization  forms  the  anode.  The  cathode  is  a  stainless 
steel  plate.  The  process  of  surface  coating  is  conducted  in  the  following 
sequence.  The  articles  are  hung  on  the  anode  rod  with  no  current  flowing, 
then  during  the  course  of  5  minutes,  the  voltage  is  raised  smoothly  to 
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a  value  of  not  more  than  40  v,  and  the  bath  is  maintained  at  this  voltage 
for  30  minutes.  Under  these  conditions  the  current  density  must  be  0.4- 
0.S  a/dm-  .  Then  the  voltage  is  increased  to  a  value  of  80  v  and  maintained 
at  this  value  for  30  minutes.  Mere  the  current  density  must  be  1  a/dm‘>. 
After  coating  of  the  surfaces  ,  the  parts  arc  washed  and  the  oxide  film 
obtained  is  fixed  by  means  of  boiling  in  water  for  30  minutes.  In  the 
case  of  future  necessity,  the  film  coating  may  be  painted  any  color  in 
water  solutions  of  organic  dyes. 

In  order  to  measure  the  temperature  on  the  operating  surface  or  in 
the  chamber  of  the  majority  of  thermal -cool i ng  devices,  the  MKMI-16  or 
other  types  of  sending  units  are  omployed.  In  order  to  provide  a  reliable 
thcrmocontact  between  the  cooled  or  the  heated  surface  and  the  micro¬ 
thermistor,  the  latter  is  sheathed  with  a  silver  or  copper  amalgam. 

These  amalgams  possess  excellent  heat  conductivity  and  high  mechanical 
properties.  The  single  disadvantage  of  utilizing  an  amalgam  is  the 
sealed  nature  of  the  junction,  as  a  result  of  which  extraction  of  the 
sheathed  microthermistor  without  damaging  it  is  not  possible.  Both  silver 
and  copper  amalgams  arc  mass-produced  by  industry  as  dental  material. 

The  following  are  amalgim  formulas. 

Silver  amalgam.  Three-four  parts  by  volume  of  silver  alloy  are  placed 
in  a  mortar  and  in  the  course  c,f  several  minutes  are  ground  until  a  fine 
powder  is  obtained,  Then  1  part  by  volume  of  mercury  is  added  and  the 
mixture  is  stirred  until  a  uniform  paste- like  mass  is  obtained.  After  the 
amalgam  is  obtained  it  is  placed  in  a  cheesecloth  and  excess  mercury, 
which  has  not  combined  with  the  silver,  is  squeezed  out.  The  thermistor 
to  be  covered  is  placed  in  a  shallow  opening  which  is  filled  with  the 
amalgam  and  scaled  over,  lull  hardening  of  the  silver  amalgam  occurs  in 
6-8  hours . 

Copper  amalgam  is  prepared  in  the  following  manner.  Depending  on 
requirement,  one  or  more  plates  of  the  amalgam  are  placed  in  a  metallic 
spoon  and  heated  over  a  low  flame  until  drops  of  emerging  mercury  appear. 
After  the  appearance  of  the  mercury,  the  plates  are  placed  in  a  mortar 
and  ground  until  a  uniform  plastic  mass  is  obtained.  The  surplus  mercury 
is  pressed  out  in  a  cheesecloth.  After  this  the  amalgam  is  ready  for 
use.  If  part  of  the  prepared  amalgam  hardens,  it  may  be  returned  to  the 
plastic  state  by  repeated  heating.  Complete  hardening  time  for  the 
copper  amalgam  is  2-3  hours.  Copper  amalgam,  just  as  the  silver,  forms 
a  connection  which  cannot  be  disassembled. 
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PART  III.  THERMOELECTRIC  COOLING  IN  PRACTICE. 


CHAPTER  X 

HIGH-VACUUM  COLLECTORS  WITH  THERMOELECTRIC  COOLING 


§  I  .  Purpose 

Contemporary  vacuum  technology  in  the  majority  of  cases  deals  with 
devices  and  installations  in  which  the  operating  pressure  reaches  10  6- 
10" 7  mn  Hg.  Such  pressures,  as  a  rule,  are  created  by  means  of  diffusion 
vapor-jet  pumps,  in  which  the  gases  subject  to  evacuation  are  diffused 
in  a  jet  of  vapors  of  the  pump  working  fluid.  Subsequently,  upon  conden¬ 
sation  ot  the  vpors,  these  gases  are  freed  and  are  evacuated  by  a  pre- 
evacuatron  pu:.^.  Mercury'  is  employed  as  a  working  fluid  in  diffusion 
pumps  (in  mercury-vapor  pumps)1  or  special  oils  with  a  high  molecular 
weight  (M  =■  250-550)  and  low  vapor  pressure  (in  diffusion  oil  vapor  pumps) 
may  be  employed.  Specific  types  of  mineral  oils  (na;.h  hene  types)  may 
be  employed  as  working  fluids  in  oil  vapor  pumps,  including  organic 
oils  (for  example,  the  ethers  of  several  organic  acids),  or,  finally, 
synthetic  organic  oils  and  silicones  (and  polysilicones). 

VM-1  vacuum  oil  is  widely  employed  in  the  domestic  vacuum  industry. 
These  oils  represent  heavy  fractions  of  vaseline  oil,  obtained  as  a  result 
of  vacuum  distillation. 


‘At  the  present  time  mercury  vapor-jet  pumps  are  seldom  employed, 
„r.d  then  in  special  areas  of  vacuum  technology  (in  the  evacuation  of 
mass-spectrometers,  and  of  mercury  gas-discharge  devices).  Therefore, 
subsequent  descriptions  will  pertain  basically  to  oil  diffusion  pumps. 
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It  has  been  established  from  the  usage  of  high-vacuum  evacuation 
devices  that  the  basic  factor  which  establishes  the  pressure  reduction 
limit  in  an  evacuated  space  is  the  vapor  pressure  of  the  working  fluid 
utilised  in  the  pump.  Ordinary  oils  employed  in  oil  vapor  pumps  permit 
the  attainment  of  an  ultimate  vacuum  of  2-3*10' b  mm  !lg.  Further  pressure 
reduction  is  not  possible  due  to  the  presence  in  the  high-vacuum  part 
of  the  system  of  so-called  residual  vapors. 

The  main  source  of  residual  vapors  which  impair  the  vacuum  is  the 
vapor-jel  pump,  from  which  "streams"  of  oil,  reaching  10’3  mg/cm^h, 
are  emitted.  In  addition,  the  walls  of  the  vacuum  chamber  and  the  parts 
distributed  within  the  chamber,  and  also  products  released  as  a  result 
of  operations  accomplished  within  the  chamber  may  be  a  source  of  residual 
vapors . 

In  addition  to  impairing  the  vacuum,  the  presence  of  residual 
oil  vapors  seriously  impairs  the  operation  of  a  number  of  vacuum  devices. 
In  addition,  in  elementary  particle  accelerators,  the  presence  of  oil 
vapors  causes  a  diffused  scattering  of  the  beam,  contaminates  sources, 
and  is  also  a  reason  for  the  appearance  of  electrical  breakdowns.  In 
precision  vacuum  metallurgy  oil  vapors  contaminate  the  product  obtained. 
Powerful  tube-equipped  oscillators  in  the  very  short  wave  and  microwave 
bands,  operating  under  a  constant  vacuum,  fail  to  operate  when  oil  vapors 
strike  them.  If  even  an  insignificant  quantity  of  oil  vapors  strikes 
the  oxidized  cathodes  in  electro-vacuum  devices,  the  loss  of  cathode 
emission  capability  will  occur.  In  electron-ray  devices  (electron- 
optical  converters,  photoelect ron  multipliers,  receiving  and  transmitting 
television  tubes,  etc.),  the  presence  of  oil  vapors  on  the  light-sensitive 
element  --  the  photocathode  or  the  mosaic  --  leads  to  failure  of  the 
apparatus . 

From  the  examples  cited,  the  urgency  of  the  problem  of  presenting 
the  penetration  of  residual  oil  vapors  from  the  diffusion  pump  into  *he 
space  evacuated  is  apparent. 

One  of  the  basic  methods  of  improving  the  ultimate  vacuum  and  sig¬ 
nificantly  reducing  the  quantity  of  residual  vapors  is  the  supplementary 
condensation  of  oil  vapors  by  means  of  a  cooled  collector,  which  is 
situated  between  the  pump  and  the  space  evacuated.  It  should  be  noted 
that  the  cooled  collectors  are  not  independent  pump  assemblies.  While 
not  influencing  the  pressure  of  the  majority  of  gases  in  vacuum  devices, 
they  condense  the  vapors  and  maintain  them  on  their  operating  surfaces. 

Vapor  pressure  reduction  on  the  condensation  surfaces  of  the  collec¬ 
tor  is  a  time  function  and  is  characterized  by  the  rate  of  collector 


-145- 


4 


. . . mmimriiiiiwimiii 


operation,  which  in  turn  is  determined  by  the  vapor  condensation  rate  on 
the  cooled  surfaces.  The  rate  of  vapor  condensation  in  a  cooled  collector 
may  be  determined  with  a  sufficient  degree  of  accuracy  from  the  equation 


where  S  is  the  collector  vapor  condensation  rate,  ij sec;  M  is  the  molecu¬ 
lar  weight  of  the  vapors  of  the  condensing  liquid;  P  is  the  vapor 

pressure  at  the  condensation  temperature,  mm  Hg;  P,  is  the  partial 

pressure  of  the  condensed  vapors  (mm  Hg)  at  a  temperature  of  18°;  A  is 
the  value  of  the  effective  collector  condensation  surface,  cm-’. 

It  is  apparent  that  with  an  increase  in  the  temperature  of  the 
collector  condensation  surfaces,  value  will  approach  and  when  P^  =  P^, 

the  vapor  condensation  rate  in  the  collector  will  equal  zero. 

At  the  present  time  freon  compression  machines,  or  so-called  brine 
and  liquid  nitrogen  types,  are  employed  to  cool  high-vacuum  collectors. 

Among  the  shortcomings  of  freon  collectors  we  must  consider  their 
relatively  high  temperature,  and  the  low  efficiency  of  the  system  (l-3°<>), 
which  occur  as  a  result  of  high  heat  losses,  since  a  system  consisting 
of  a  compressor  and  vaporizor  is  situated  outside  the  collector. 

The  brine  method  of  refrigeration,  based  on  the  temperature 
reduction  phenomenon  in  the  solution  of  several  salts  in  water,  has  not 
been  widely  employed  in  vacuum  technology  due  to  insufficient  cooling 
of  the  collector  condensation  surface  (-19°)  and  a  large  number  of 
operating  inconveniences. 

The  use  of  liquid  nitrogen,  especially  in  huge  vacuum  installations 
with  a  large  number  of  powerful  pumps,  is  associated  with  a  number  of 
deficiencies,  of  which  the  following  are  basic:  a  large  expenditure  of 
relatively  scarce  liquid  nitrogen,  which  requires  the  construction  cf 
special  and  extremely  expensive  cryogenic  stations;  the  presence  of  a 
complex  system  of  distribution  of  liquid  nitrogen,  in  which  large  losses 
are  unavoidable;  the  complexity  of  the  control  apparatus  for  the  nitrogen 
level  and  the  collectors  and  a  number  of  other  factors. 

Experience  in  the  use  of  numerous  high-vacuum  installations  has 
revealed  that  the  application  of  liquid  nitrogen  for  the  cooling  of 
congealation  collectors  in  a  majority  of  cases  is  not  justified. 
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Mass-spectrometric  investigations  of  the  quantity  of  condensed  oil 
vapors  as  a  function  of  temperature  have  revealed  that  practically  com¬ 
plete  condensation  of  residual  vapors  occurs  at  a  temperature  of  -40°. 

The  mass  spectrogram,  shown  in  Figure  57,  was  taken  with  the  aid  of  an 
omegatron  which  was  installed  on  a  type  TsVL-100  oil  vapor  pump  operating 
on  heavy  fractions  of  vaseline  oil.  Peaks  showing  hydrogen,  water, 
carbon  dioxide  and  a  series  of  hydrocarbon  peaks  with  mass  numbers  from 
43  to  148,  which  characterize  oil  vapors  and  products  of  their  reduction 
(cracking)  were  registered  in  the  mass  spectrogram.  A  louvered  type  of 
collector,  the  temperature  of  which  could  be  changed,  was  placed  between 
the  omegatron  and  the  pump.  With  a  temperature  on  tire  collector  conden¬ 
sation  surfaces  of  -40°,  the  intensity  of  the  basic  peaks  with  mass 
numbers  57-148  decreased  10-30  times  (the  shaded  areas  in  Figure  57). 

It  is  natural  that  at  this  temperature  products  with  low  mass  numbers 
(2-28)  were  not  frozen  out.  However,  the  presence  of  insignificant 
quantities  of  ,  H.,0  and  CO.,  in  the  residual  vapors  is  not  as  dangerous 

as  the  presence  of  heavy  hydrocarbons. 


Mass  numbers 

Figure  57-  The  mass  spectrogram  of  residual  oil 
vapors  passing  through  the  vacuum  collector 
of  the  louvered  type. 

The  shaded  area  represents  an  uncooled  collector; 
the  non-shaded  area  represents  a  collector  cooled 
to  -1*0° . 


The  data  presented  above  indicates  that  in  the  overwhelming  majority 
of  cases,  cooling  of  the  congelation  collector  to  -40-50°  completely 
satisfies  tie  basic  requirements  for  the  operation  of  high-vacuun  systems 
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On  this  basis,  the  high-vacuum  collectors  described  below  with  thermo¬ 
electric  cooling  equipped  with  2-stage  thermoelectric  piles,  provide 
for  a  temperature  of  -SO-550  on  the  condensation  surfaces  of  the  second 
stage.1  A  5-  stage  thermopile  provides  a  temperature  of  -05  to  -70°*  on 
the  condensation  surfaces  of  the  third  stage.  However,  the  complexity 
involved  in  this  construction  is  considered  to  be  unjustified,  since  the 
vapor  condensation  effect  proves  to  be  approximately  the  same  as  with 
a  temperature  of  -50°. 

Oil  penetration  from  the  pump  to  the  exhausted  space  may  occur  in 
two  ways:  either  in  the  form  of  residual  vapors,  which  did  not  condense 
in  the  pump  cooling  system,  or  by  means  of  migration  of  oil  in  the  liquid 
state  along  the  internal  surfaces  of  the  sides  of  the  vacuum  system.  If 
the  residual  vapors  may  be  sufficiently  and  effectively  delayed  by  the 
cooled  collector,  then  additional  devices  are  required  in  order  to  prevent 
the  penetration  of  oil  migrating  along  the  walls  to  the  exhausted  space. 
Many  anti-migration  devices  have  been  proposed;  however,  all  of  these 
merely  delay  the  rate  of  oil  migration,  and  not  one  of  them  permitted 
the  complete  elimination  of  this  extremely  undesirable  phenomenon.  All 
known  anti -migration  devices  are  based  on  the  artificial  lengthening  of 
the  oil  path  by  means  of  creating  extended  surfaces,  or  pockets,  on  the 
internal  sides  of  the  vacuum  system  of  the  collector.  In  some  cases  these 
pockets  have  the  same  temperature  as  the  sides,  and  in  other  cases  they 
are  artificially  cooled  by  water  or  liquid  nitrogen. 

In  the  development  of  designs  for  the  thermoelectric  cooling  of 
collectors,  a  new  type  of  anti -migrator  was  proposed  which  was  based  on 
the  utilization  of  a  material  which  is  not  wetted  by  oil. 

In  addition  to  non-wettability ,  the  anti -migrator  material  must 
possess  low  vapor  pressure  in  a  vacuum.  These  conditions  are  satisfied 
by  teflon  (a  crystallized  polymer  of  tetraf luoroethy lene) . 

An  anti -migrator  manufactured  from  teflon  comprises  two  rings  1  and 
2  (figure  58),  which  are  tightly  fitted  inside  the  collector  casing. 

The  distance  between  the  teflon  rings  is  established  by  duralumin  ring 
3.  Such  a  system,  which  forms  a  "lock",  not  only  permits  extending  the 
surface  of  the  teflon,  but  also  excludes  the  possibility  of  oil  vapor 
spray  on  the  internal  ring  surface. 

The  development  of  tiie  theory  in  practice  of  thermoelectric  cooling 
made  it  possible  to  create  in  1957,  for  the  first  time,  a  high-vacuum 

'Both  here  and  subsequently  the  temperature  on  the  collector  conden¬ 
sation  surfaces  was  measured  at  a  pressure  of  10‘5  mm  Hg  and  with  a  heat 
removal  water  system  temoerature  of  18°C. 
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cooler  with  thermoelectric  cooling  for  the  MM-40A  oil-vapoi  pump.  In 
recent  years  thermoelectric  coolers  for  all  diffusion  pumps  produced  by 
domestic  industry  have  been  developed. 

The  mass  production  of  thermoelectric  collectors  began  in  1960. 


Figure  58.  diagram  of  an  oil  ant i -mi gra tor 


§2.  Thermoelectric  Collectors  for  the  Unified  Series  of  Pumps 

In  the  period  from  1957  to  1964,  high-vacuum  collectors  with  thermo¬ 
electric  cooling  were  developed,  intended  for  operation  with  oil  diffusion 
pumps  of  the  so-called  unified  series.  To  this  series  belong  the  pumps 
with  outputs  100  1/ sec.  (H-lc);  500  Z/ sec.  (H-5c)  ;  2,000  1/ sec.  (I1-2T); 

5,000  Z/sec.  (11-51);  8,000  1/ sec.  (H-8T)  and  20,000  Z/sec.  (11-20T).  A 
collector  for  the  pump  with  an  output  of  40,000  Z/sec.  (H-40T)  is  now 
in  the  developmental  stage. 

All  collectors  of  this  series  indicated  have  two-stage  thermoelectric 
piles,  the  cold  collectors  of  which  are  the  condensation  surfaces  for  the 
oil  vapors.  Heat  removal  from  the  hot  junctions  of  the  thermoelectric 
pile  in  all  types  of  collectors  is  provided  by  a  flow  of  water,  which  is 
delivered  to  the  collector  in  series  with  the  cooling  system  of  the  high- 
vacuum  pump.  The  spatial  distribution  of  the  collectui  condenstion  surfaces 
forms  a  "louvered"  system,  which  •  provides  for  a  minimum  of  2-fold 
impingement  of  oil  molecules  on  the  cooled  surface.  Due  to  this  fact, 
the  "flight"  of  the  oil  through  the  collector  does  not  exceed  10  s  mg/cm2 *h. 
In  addition,  in  the  choice  of  the  number,  shape  and  relative  distr  bution 
of  condensation  surfaces,  the  requirement  for  minimum  reduction  in  the 
evacuation  pump  rate  by  the  collector  was  also  taken  into  consideration. 
Numerous  tests  of  thermoelectric  collectors  have  revealed  that  with  a 
condensation  surface  temperature  on  the  second  stage  of  -50°,  the 
ultimate  vacuum  in  the  evacuated  chamber  is  improved  by  0.7-0. 8  .  ’°r  of 

magnitude . 
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A  sectional  representation  of  the  TVL-40-2  thermoelectric  collector 
for  the  NW-40A  pump  is  shown  in  Figure  S9. 
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Figure  59.  A  section  of  the  TVL-40-2 
col  lector  for  the  MM-40A  pump. 


The  collector  casing  1  with  flanges  2  and  3,  which  serve  to  connect 
the  collector  to  the  pump  and  to  the  space  being  evacuated,  is  constructed 
of  steel.  The  central  part  of  the  casing  is  equipped  with  annular 
channel  4,  covered  by  ring  5,  which  forms  the  system  of  heat  removal  for 
the  collector.  Water  is  supplied  tc  the  cooling  jacket  and  merges  through 
the  two  nipples  6.  All  parts  of  the  casing  are  vacuum  sealed  and  are 
brazed  with  copper  along  joints  7. 

Simultaneously  with  the  copper  brazing  of  the  collector  housing 
parts,  hot  copper  plating  of  the  internal  surface  of  the  casing  is 
accomplished.  This  is  required  for  subsequent  soldering  of  copper  parts 
to  the  casing  and  to  create  a  protective  anti-corosion  coating.  Copper 
ring  8  is  soldered  with  PSR-72  solder  to  the  casing  from  the  inside.  The 
heat  transfer  system  from  the  collector  thermoelectric  pile  is  arranged 
in  the  following  manner. 

The  lugs  9  are  manufactured  from  type  AO  or  type  AOO  aluminum  and 
are  electrochemically  coated  with  a  thin  (2-4  u)  layer  of  aluminum  oxide. 

Due  to  the  thickness  and  the  good  heat  conductivity  of  aluminum  oxide, 
this  layer  possesses  insignificant  heat  transfer  resistance.  Simultaneously 
this  layer  is  a  good  electrical  insulator.  Copper  plates  10,  to  which 
the  thermopile  will  be  attached,  are  soldered  on  top  of  the  aluminum 
lugs  with  pure  tin.  In  order  to  create  a  good  thermocontact  between  the 
oxidized  lugs  and  ring  8,  the  latter  is  packed  with  special  alloy  11 
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which  has  a  melting  point  of  140°.  The  two-stage  thermoelectric  pile  of 
the  collector  has  0  thermoelements  in  t he  first  stage  which  are  connected 
in  parallel  with  3  thermoelements  of  the  second  stage. 

The  semiconductors  Id  of  the  first  stage  are  soldered,  using  a  solder 
with  a  melting  point  of  90° ,  to  the  heat  transfer  elements.  The  cold 
junction  collectors  of  the  first  stage  are  made  of  copper  segments  13. 
Condensation  surfaces  14  arc  soldered  to  the  internal  surfaces  of  the 
copper  plates  with  l'SK-72  solder. 

The  semiconductors  15  of  the  second  stage  are  soldered  with  Wood's 
alloy  to  the  cold  junction  collectors  of  the  first  stage.  The  condensation 
surfaces  17  of  the  second  stage  arc  soldered  to  the  3  segmented  parts  16. 
The  quantity  of  condensation  surfaces  in  the  first  and  second  stages  and 
their  mutual  spatial  distribution  are  chosen  so  that  the  oil  vapor  molecule 
undergoes  a  minimum  of  2-stage  reflection  from  the  cooled  surfaces  and, 
in  addition,  so  that  the  collector  possesses  maximum  conductivity.  In  the 
system  of  condensation  surfaces  selected,  the  vacuum  resistance,  offered 
by  the  collector,  equals  00«.  The  current  supply  of  the  thermoelectric 
pile  is  provided  through  a  vacuum  sealed  entrance,  consisting  of  covar 
sleeve  18,  which  is  brazed  with  copper  to  the  casing,  through  which 
passes  molybdenum  electrode  20  in  glass  19.  The  second  side  of  the 
collector  current  supply  is  attached  to  the  casing.  Oil  reflector  21 
serves  to  prevent  the  penetration  of  oil  through  the  central  area  of  the 
col  lector. 

An  overall  view  of  the  TVL-40-2  collector  is  shown  in  Figure  60. 
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Figure  60.  An  overall  view  of 
the  TVt-i40-2  col  lector  for 
the  HM-40A  pump. 
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Three  thermoelectric  collector  design  variations  were  developed  for 
the  TSVL-100  pump.  They  have  received  the  designations  TV  I -100-1, 
TVL-100-2  and  TVL-100-3,  respectively,  The  TVL-100-1  collector  has  a 
sector-shaped  system  of  condensation  surfaces  mounted  on  the  first  and 
second  stages  of  the  thermoelectric  pile.  The  heat  transfer  system  and 
other  construction  elements  of  the  collector  are  similar  to  those  of  the 
TVL-40-2  collector,  described  above.  The  second  collector  construction 
variant,  the  TVL-100-2,  lias  a  dual-row  louvered  system  of  condensation 
surfaces  and  a  fluid  heat  removal  system,  which  is  situated  in  the  collec 
tor  vacuum  cavity.  And,  finally,  the  third  variant,  the  TVL-100-3,  was 
developed  with  the  aim  of  providing  the  maximum  reduction  of  the  resist¬ 
ance  to  the  collector  evacuation  rate.  Lor  this  purpose,  the  collector 
casing  was  barrel-shaped  with  a  large  cross-section  in  the  area  of  the 
location  of  the  thermopile.  The  TVL-100-2  collector  was  placed  in  mass 
product  ion . 

A  sectional  view  of  this  collector  is  shown  in  Figure  ol.  Heat 
transfer  sub-assembly  1,  manufactured  of  nonoxidized  copper  of  the  "MB" 
type,  was  connected  with  PSR-72  solder  to  ferrr  a  vacuum  tight  seal  with 
the  steels  collector  casing.  Water  passes  through  the  internal  channels 
formed  in  this  suh-assembly ,  and  removes  the  heat  from  the  hot  junctions 
of  the  collector  thermopile.  Water  input  and  output  are  accomplished 
through  nipples  2.  The  thermoelements  3  of  the  first  stage  are  soldered 
to  the  heat-transfer  base  through  electrically  insulated  heat  junctions  4 
The  second  stage  of  thermoelements  S  are  soldered  to  the  thermoelements 
of  the  first  stage.  The  condensation  surfaces  6  and  7  of  the  first  and 
second  stages  of  the  collector  thermopile  form  a  "louvered"  dual-passage 
system,  which  provides  for  practically  complete  condensation  of  residual 
oil  vapors  with  a  relatively  small  reduction  in  the  pump  evacuation  rate. 

5  5  7  } 


Figure  61.  A  section  of  the  TVL-100-2 
collector  for  the  TSVL-100  pump. 
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The  connection  of  the  collector  to  the  pump  and  to  the  exhaust  space 
is  accomplished  by  means  of  base  8  and  flange  9.  The  current  supply  to 
the  collector  thermopile  is  connected  to  the  casing  and  to  a  vacuum- 
tight  current  conductor,  consisting  of  kovar  sleeve  10  and  kovar  lead  12, 
which  passes  through  glass  11  and  is  soldered  to  the  sleeve.  All  steel, 
copper  and  kovar  sub-assemblies  of  the  collector  arc  soldered  to  form 
vacuum-tight  seals  with  copper  and  silver-copper  solders  in  a  hydrogen 
oven . 


An  overall  view  of  the  TYL-100-2  collector  is  shown  in  figure  02. 
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Figure  62.  An  overal)  view  of 
the  TVL-I00-2  collector  for 
the  TSVl-100  pump. 


Tests  of  the  collector  have  revealed  that  the  minimum  temperature 
on  the  condensation  surfaces  of  the  second  cascade  of  the  collector  are 
established  55  minutes  after  the  unit  is  switched  on,  and  then  the  tem¬ 
perature  reduction  is  not  linear  with  respect  to  time.  This  pertains  to 
all  types  of  thermoelectric  vacuum  collectors. 

The  temperature  reduction  rate  on  t he  condensation  surfaces  of  the 
second  cascade  of  the  TVL-IO0-2  collector  is  shown  in  figure  05. 

A  section  of  the  TV'L-Ss-4  collector  for  the  N-5s  pump  is  shown  in 
figure  04, 
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Figure  63.  The  temperature  reduction 
rate  on  the  condensation  surfaces 
of  the  second  cascade  of  the  TVl-100-2 
col  lector. 


Figure  6 A  section  of  the  TVl-5s-^  collector 
for  the  N*5s  pump. 


Flanges  2  and  3  are  welded  to  steel  casing  1.  These  flanges  serve 
as  collector  connections  to  the  pump  and  to  the  evacuated  space.  Ihe 
heat  removal  system  is  welded  to  the  casing  of  the  collector.  This  system 
is  comprised  of  steel  insert  4  with  2  channels  for  the  passage  of  water, 
which  removes  heat  from  the  hot  junctions  of  the  thermopile.  The  thermo¬ 
element  5  of  the  first  stage  are  soldered  with  crimped  heat  junction  0  to 
the  heat-transfer  base.  The  collectors  7  of  the  cold  junctions,  the 
condensation  surfaces  8,  which  are  situated  at  an  angle  of  45°  to  the 
axis  of  the  junctions.  The  condensation  surfaces  have  a  temperatue  of  -26°. 
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The  thermoelements  i)  of  the  second  stage  are  soldered  to  the  collectors 
of  the  cold  junction  of  the  first  stage,  and  here  the  electrical  supply 
of  the  second  stage  of  the  thermopile  is  accomplished  in  parallel  with 
the  current  supply  to  the  first  stage.  The  thermoelement  of  the  second 
stage  carry  the  collectors  10  of  the  cold  junctions,  which  are  equipped 
with  condensation  surfaces  11,  situated  at  an  angle  of  90°  to  the 
condensation  surfaces  of  the  first  stage.  The  temperature  on  the 
condensation  surfaces  of  the  second  stage,  as  we  have  indicated  previously, 
is  -50  to  -52°. 

The  electrical  supply  to  the  thermoelectric  pile  is  accomplished  by 
means  of  vacuum-sealed  lead  12.  The  second  pole  of  the  supply  to  the 
thermopile  is  connected  to  the  collector  casing.  Water  for  the  heat 
removal  system  is  delivered  through  nipples  15, 

An  overall  view  of  the  collector  is  shown  in  Figure  65. 
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Figure  65.  An  overall  view  of  the 
TVL-5s-A  col  lector  for  the 
N-5s  pump. 


A  collector  for  more  powerful  pumps  (beginning  with  the  N-2T  pump) 
differs  in  construction  from  the  collectors  described.  These  differences 
include  the  following. 

1.  As  a  result  of  the  significant  heat  load  on  the  condensation 
surface  of  the  first  stage,  carried  by  the  oil  vapors,  an  additional 
row  of  condensation  surfaces  was  proposed,  mounted  directly  on  the  heat 
transfer  bases  and  having  the  same  temperature  as  the  water  in  the  heat 
removal  system.  Thus  this  system  of  condensation  surfaces  accepted  the 
main  heat  load,  at  the  same  time  reducing  the  heat  load  or.  the  thermopile. 
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2.  The  rate  of  "collector  evacuation"  is  determined  by  the  volume  of 
the  vapor  condensing  in  the  collector  in  one  second,  therefore  an  increase 
in  the  effective  collective  area  was  proposed,  i.e.,  an  extension  of  the 
condensation  surfaces.  In  this  case  the  collector  casing  has  an  increase 
cross-sectional  area,  with  no  change  in  the  connecting  dimensions.  As  a 
result,  notwithstanding  the  presence  of  a  3-row  system  of  condensation 
surfaces  (a  nitrogen  collector  has  1  row  of  condensation  surfaces),  the 
evacuation  resistance  of  the  thermoelectric  collector  proved  to  be  less 
then  for  corresponding  nitrogen  collectors. 

Recently  separable  collectors  have  been  developed  and  produced  for 
pumps  (beginning  with  N-2T),  in  which  the  thermoelectric  pile  with  the 
system  of  condensation  surfaces  may  be  withdrawn  from  the  collector 
casing.  This  type  of  construction  facilitates  the  disassembly  of  the 
collector  for  periodic  cleaning  out  of  condensed  oil,  since  disassembly 
of  the  collector  from  the  vacuum,  system  is  not  required. 

Figure  66  illustrates  a  section  of  the  TVLR-2T-2  separable  collector 
for  the  N-2T  pump.  Here  the  thermoelectric  pile  in  conjunction  with  the 
electrical  supply  and  heat  removal  system  is  an  independently  constructed 
sub-assembly,  which  is  installed  in  the  casing  and  is  vacuum-sealed  along 
the  side  surface  of  the  casing  flange.  Collectors  for  the  N-Sf,  N - 81  and 
N-20T  pumps  differ  from  each  other  by  the  number  of  thermoelements  in 
the  thermopile,  by  electrical  supply  methods  and  overall  dimensions. 

figure  67  shows  a  general  view  of  the  TVLR-20T-1  separable  collcctoi 
for  the  N-20T  pump,  which  was  installed  on  the  YA-2-2  exhaust  assembly 
for  tests. 

Comparative  test  data  for  thermoelectric  and  nitrogen  collectors  for 
ultimate  vacuum  and  evacuation  rates1  are  shown  in  Tables  17  and  18. 

These  tests  revealed  that  the  ultimate  vacuum  obtained  using  assemblies 
equipped  with  thermoelectric  coolers  was  not  worse  than  that  obtained 
with  coolers  equipped  with  licuid  nitrogen  cooling,  and  the  evacuation 
rate  of  assemblies  equipped  with  thermoelectric  collectors  was  somewhat 
higher  than  with  nitrogen  collectors.  A  selenium  rectifier  (the  VFA-3M, 
for  example,)  or  a  rectifier  with  high-current  germanium  diodes,  which 
satisfy  the  required  parameters,  may  be  employed  as  a  power  supply  for 
thermoelectric  collectors. 


'Complete  collector  vacuum  tests  were  conducted  by  N.  M.  Karpenko  and 
Ya.  L.  Mikhelis. 
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Figure  67-  An  overall  view  of  the  TVLR-20T-1 
separable  collector  for  the  N-20T  pump. 


Table  17 

Ultimate  Vacuum  Obtained  on  Assemblies  Equipped  with 
Thermoelectric  and  Nitrogen  Collectors 
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Key:  a,  type  of  vacuum  assembly;  b,  collector  type; 

c,  a  col  lector  operating  time,  minutes;  d,  pressure, 
mm  Hg ;  e,  with  a  thermoelectric  collector;  f,  with 
a  nitrogen  collector. 
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Table  18 


The  Evacuation  Rate  for  Vacuum  Assemblies  with  Thermo¬ 
electric  and  Nitrogen  Collectors 
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Key:  a,  assembly  type;  b,  collector  type;  c,  evacuation 

rate,  1/ sec;  d,  thermoelectric  collector;  e,  nitrogen 
co I  lector 


The  TSLR-1-1  thermoelectric  separable  pre-vacuum  collector  was 
developed  in  order  to  prevent  the  penetration  of  oil  vapors  from  the 
pre-vacuum  main  line  into  the  high-vacuum  pump.  An  overall  view  of  this 
collector  is  shown  in  Figure  68. 
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Figure  68.  An  overall  view  of  the  type 
TSLR-1-1  thermoelectric  collector 
for  p re -vacuum  main  lines. 
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§3.  A  Thermoelectric  Collector  for  Mercury-Vapor  Pumps 

As  wc  have  pointed  out  previous ly ,  thermoelectric  collectors  intended 
for  use  with  oil  vapor  pumps  have  been  developed.  The  application  of 
thermoelectric  coolers  to  mercury  vapor  pumps  in  order  to  freeze  out 
mercury  vapors  is  not  as  effective  as  with  oil  vapor  pumps.  The  reason 
for  this  is  that  the  mercury  molecule  accommodation  coefficient  has  a 
lower  value  than  that  for  oil.  This  means  that  a  molecule  of  mercury 
vapor,  having  struck  the  cooled  condensation  surface,  does  not  reach 
therrnoequi librium  with  this  surface,  and,  having  experienced  elastic 
diffusion,  may  pass  through  the  collector.  In  this  connection,  collector 
designs  for  the  purpose  of  freezing  out  residual  vapors  in  mercury  vapor 
pumps  must  have  a  relatively  high  number  of  condensation  surfaces,  the 
spatial  distribution  of  which  must  exclude  a  "shoot-through"  of  the 
collector  even  after  a  2-or  3-fold  reflection.  This  circumstance,  however, 
leads  to  a  decrease  in  the  carrying  capacity  of  the  collector. 

In  those  cases  when  the  carrying  capacity  value  of  the  collector 
does  not  play  an  important  role,  as  a  result  of  appropriate  configuration 
and  number  of  condensation  surfaces,  it  is  possible  to  develop  a  thermo¬ 
electric  collector  which  effectively  freezes  out  mercury  vapors.  A 
second  and  not  less  important  consideration,  which  must  be  taken  into 
consideration  in  the  design  of  thermoelectric  collectors  for  mercury  vapor 
pumps,  is  the  exclusion  of  the  possibility  of  amalgamation  of  the  materials 
of  the  thermoelectric  pile.  If  the  thermoelements  themselves  arc 
weakly  exposed  to  the  influence  of  mercury,  then  the  solders  and  the 
connecting  plate  materials  and  other  construction  elements  of  the 
collector  will  be  subject  to  amalgamation,  which,  naturally,  leads  to 
failure  of  the  collector.  Maximum  attention  was  given  to  the  requirements 
cited  above  in  the  design  of  a  collector  intended  for  use  with  the  DRN'-IO 
mercury  pump.  A  section  of  this  type  of  collector,  which  has  been  given 
the  conditional  designation  TVL-RN-2,  is  shown  in  figure  69. 

The  single-stage  thermoelectric  pile  of  the  collector  consists  of 
two  rows  of  thermoelements  1,  which  are  soldered  to  the  side  surfaces  of 
the  steel  pipe  3  through  the  copper  collectors  of  the  cold  junctions  2 
with  two  diametrically  opposed  sides.  Louvers  4,  which  form  the  conden¬ 
sation  surfaces  of  the  collector,  were  connected  with  PNVh-33S-ll  special 
solder,  which  does  not  interact  with  mercury  in  the  hydrogen  furnace,  to 
opposite  sides  of  the  central  pipe  in  order  to  provide  a  multi-path 
capability  for  the  collector.  The  number  and  spatial  distribution  of 
the  louvers  provides  sufficient  carrying  capacity  for  the  collector  due 
to  a  6-fold  passage  (the  mercury  vapor  molecule  must  undergo  6  collisions 
with  the  cooled  surface  before  it  passes  through  the  collector).  The 
hot  thermoelement  junctions  5  are  equipped  with  water  cooling  system  6 
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which  has  combined  nipples  for  water  and  electrical  power  connections 
to  the  collector.  The  thermopile  assembly  is  constructed  of  separate 
units,  electrically  insulated  from  each  other  by  means  of  an  epoxy  resin 
fi  ller. 


Figure  69.  A  section  of  the  TVl-RN-2 
collector  for  the  DRN-10  mercury 
pump . 


Flic  collector  is  attached  to  the  corresponding  vacuum  system  by  means 
of  flanges  7  and  8.  Sealing  resin  is  applied  to  annular  channels  9. 

in  order  to  reduce  heat  losses  from  the  internal  collector  pipe  to  the 
flanges  to  a  minimun,  the  pipe  is  attached  to  the  flanges  by  means  of 
membranes  10  and  11,  which  are  manufactured  from  thin  kovar  or  invar, 
i.e.,  from  materials  which  possess  a  small  heat-transfer  coefficient. 

Steel  rods  12  are  placed  between  the  flanges  in  order  to  provide  the 
entire  construction  with  the  mechanical  strength  required. 

bxternal  cover  13  serves  to  protect  the  thermopile  of  the  collector 
from  mechanical  damage.  All  of  the  metallic  parts  of  the  collector 
which  come  into  contact  with  mercury  vapors  during  operation,  are 
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manufactured  from  a  material  (steel),  which  is  not  subject  to  amalgamation, 
and  are  connected  together  by  means  of  argon  arc  welding. 

Ah  overall  view  of  the  TVL-RN-2  collector  is  shown  in  figure  70. 


Figure  70.  An  overall  view  of  the 
TVL-RN-2  col  lector  for  the 
DRN-10  mercury  pump. 


%h.  Thermoelectric  Collectors  for  Automatic  Evacuation  Devices 

The  majority  of  the  products  of  the  electrical-vacuum  industry 
(radio  tubes,  klystrons,  magnetrons,  etc.),  are,  as  a  rule,  evacuated  by 
automatic  devices,  for  which  high-vacuum  pumps  are  mounted  on  revolving 
automatic  turrets.  Depending  on  the  construction  of  the  automatic  device 
and  the  types  of  articles  to  be  evacuated  on  them,  the  number  of  pumps 
on  a  turret  may  be  12,  24,  30,  or  48.  Naturally  the  use  on  such  automatic 
evacuation  devices  of  collectors,  cooled  by  periodically  moving  cooling 
agents  (liquid  nitrogen,  or  solidified  carbon  dioxide),  or  collectors, 
cooled  by  freon  compressor  assemblies,  is  completely  out  of  the  question. 

In  addition,  it  is  known  that  oil  diffusion  pumps,  installed  on 
automatic  turret  evacuation  devices,  operate  under  extremely  unfavorable 
conditions  (  a  relatively  high  temperature  of  cooling  water,  a  high 
ambient  temperature,  the  periodic  appearance  in  the  pump  of  small  portions 
of  air  from  the  first  evacuation  operations,  etc.),  which  lead  to  a 
significant  escape  of  oil  from  the  pump.  Thus  for  example,  the  type 
VO-589  pump  with  an  output  of  7  1/ sec,  widely  employed  on  30-position 


automatic  evacuation  devices,  results  in  an  "escape"  of  oil  in  the  upper 
flange  section  of  0,685  nig/cnr'*h.  If  we  consider  that  the  evacuation  stem 
of  radio  tubes,  evacuated  on  these  automatic  devices,  has  a  transfer 
diameter  of  3  mm  and  a  corresponding  sectional  area  of  approximately 
0.U7  cm'  ,  then  the  quantity  of  oil  passing  from  the  pump  through  the 
evacuation  stem  will  equal  0.U5  mg/h.  Since  the  evacuation  cycle  of  a 
majority  of  the  types  of  receiving  and  low  power  amplifier  tubes,  modulator 
and  other  types  of  radio  tubes  equals  25-30  minutes,  then  0.025  mg  of 
oil  is  deposited  inside  t he  tube,  (!). 

Since  the  overwhelming  major  it;'  of  radio  tubes  have  oxide-coated 
cathodes,  quite  sensitive  to  the  presence  of  impurities,  the  impingement 
upon  them  of  even  insignificant  quantities  of  oil  is  completely  inadmis¬ 
sible.  in  this  connection,  the  TV1.-7-1  thermoelectric  collector  was 
developed,  intended  for  use  with  the  VO-589  vapor-jet  pump.  Tests  of  the 
collector  revealed  that  after  its  installation,  the  "escape"  of  oil 
amounted  to  0.07  mg/cin  *h,  i.c.,  almost  100  times  less  than  for  the  pump 
without  the  collector.  The  design  of  the  collector  protides  for  its 
mounting  on  a  36-position  automatic  evacuation  device  without  any  type 
of  alterations  to  the  latter. 

Figure  71  shows  a  section  of  the  TVL-7-1  collector.  The  thermoelectric 
pile  consisting  of  two  pairs  of  thermoelement  6  are  mounted  across  cemented 
heat  junctions  5  in  steel  casing  1,  which  is  copper-braced  in  a  hydrogen 
furnace,  lor  convenience  in  mounting  the  system  of  collectors  for  the 
cold  junctions  8,  which  are  the  condensation  surfaces,  the  pairs  of 
thermoelements  have  different  heights  and  thus  different  sections.  Ring 
10  forms  a  "lock"  with  the  condensation  surfaces,  which  prevents  the 
direct  passage  of  oil  vapors  through  the  collector.  The  electrical 
supply  for  the  thermopile  of  the  collector  is  provided  through  two 
vacuum-sealed  current -carrying  leads  9,  which  are  insulated  from  the 
casing.  i he  necessity  for  providing  2  current  leads  is  dictated  by  the 
fact  that  all  36  collectors,  which  are  mounted  on  the  automatic  machine, 
are  electrically  connected  in  series.  Heat  removal  from  the  collector 
thermopile  is  provided  by  running  water  from  the  water  cooling  system  of 
the  vapor-jet  pumps.  Water  connection  to  the  collector  casing  is  made  by 
means  of  nipple  7,  from  which  water  passes  through  channel  2,  situated 
under  the  thermoelectric  pile. 

Mounting  of  the  collector  on  the  pump  is  accomplished  by  means  of 
a  resin  seal,  tightened  by  means  of  sleeve  nut  3.  An  evacuation  recess 
is  provided  through  resin  seal  A  on  the  top  of  the  collector. 


Figure  71.  A  section  of  the  TVL-?-l 
collector  for  automatic  radio  tube 
evacuation  devices. 


An  overall  view  of  the  collector  for  a  3b-position  automatic 
radio  tube  evacuation  device  is  shown  in  Figure  72. 


Figure  72,  An  overall  view  of 
the  TVL - 7~ I  collector  for 
automatic  radio  tube  evacua 
1 1  on  devices. 


With  a  water  temperature  in  the  heat  removal  system  of  18°  and  a 
vacuum  of  10  mm  Itg,  the  temperature  on  the  condensation  surfaces  of  the 

collector  was  37'.  1  he  presence  of  the  collector  on  the  automatic 

machine  reduces  tli  .■  pump  evacuation  rate  by  40%.  However,  this  may  be 
disregarded  since  the  basic  evacuation  rate  resistance  is  provided  by 
the  evacuation  socket  and  the  tube  stem. 

As  we  have  pointed  out  previously,  the  electrical  supply  for  all  the 
collectors  mounted  on  the  automatic  machine  is  provided  in  series  from 
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one  rectifier.  The  rectifier  chosen  is  a  full-wave  design  employing  the 
VG-10  diodes.  In  order  to  reduce  rectified  current  ripple,  the  rectifier 
is  equipped  with  an  inductive  iilter  (  a  choke  coil).  The  operating 
parameters  of  the  rectifier  are:  current,  28  a;  voltage  10  v;  current 
ripple,  10T.  The  rectifier  is  mounted  directly  on  the  rotating  turret  of 
the  automatic  exhaust  device. 

The  basic  parameters  of  thermoelectric  collectors  are  shown  in  Table 
19. 


Table  19 


CHAPTER  xr 

THERMOELECTRIC  COOLERS  FOR  RAP I ANT  ENERGY  RECEIVERS 
$ 1 .  M i cro thermos ta t  Systems  for  Cooling  Photoconduc t i ve  Cells 

Recently  photoconduct ive  cells  have  found  ever-increasing  applica¬ 
tions  in  various  automatic  and  telemechanical  systems.  However,  the 
basic  parameters  which  characterize  t he  operation  of  photoconduct i ve 
cells  depend  heavily  upon  temperature.  A  decrease  in  the  temperature 
of  a  photoconduct ive  cell  reduces  the  value  of  inherent  noise,  increases 
the  sensitivity  shifts  into  a  longer-wave  portion  of  the  spectrum. 

As  an  example,  Figure  73  shows  the  dependence  of  photocurrent  (.IphJ, 

which  is  one  of  the  most  important  parameters,  on  temperature  for  the 
type  FS-KI  photoconduct ivc  cell,  which  is  constructed  of  cadmium  sulfide. 
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Figure  73-  Photocurrent 
dependence  on  temperature 
for  the  FS-Ki  photoconduct i ve 
cell. 
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In  modern  equipment  utilizing  photoconductive  cells,  the  tempera¬ 
ture  within  the  assemblies  may  roach  70-100°,  which  makes  the  operation 
of  the  photoconductive  cells  very  unstable.  Widely  employed  methods 
of  cooling,  including  the  use  of  refrigerators  or  cooling  agents  (liquid 
nitrogen,  solid  carbon  dioxide)  may  not  always  lie  applied,  by  virtue  of 
a  number  of  operating  inconveniences. 

The  thermoelectric  method  of  cooling  has  permitted  the  development 
of  systems  which  arc  small  in  size,  and  which  reduce  the  temperature  of 
the  photoconductive  cell  by  100°,  with  respect  to  the  temperature  of  the 
surrounding  medium.  In  addition,  these  systems  permit  temperature 
stabilization  of  the  pnotoconductor  cell  by  means  of  an  external  circuit 
at  any  given  level  with  an  accuracy  of  *0.1°. 

Four  design  versions  of  the  systems  were  developed  for  cooling 
photoconductive  cells,  and  these  systems  differ  from  each  other  in 
maximum  temperature  difference,  a  system  of  heat  removal  from  the  thermo¬ 
electric  pile,  o\  rail  dimensions,  and  by  a  number  of  other  parameters 
arising  from  operating  requirements, 

Devices  of  all  types  were  made  in  the  form  of  independent,  structurally 
complete  sub-assemblies,  which  could  he  placed  directly  in  the  apparatus. 
Figure  74  shows  an  axonometric  section  of  the  first  version  of  the  device. 

Photoconductive  cell  2  is  attached  to  code  junction  1  of  two-stage 
thermoelectric  clement  5,  which  is  mounted  on  aluminum  base  8.  In  order 
to  insulate  the  hot  collectors  of  thermoelement  7  from  the  base,  the 
latter  is  covered  with  a  thin  (1-2  n)  layer  of  aluminum  oxide,  which  is 
electrochemically  applied.  The  electrical  supply  for  the  thermoelement, 
and  also  the  leads  from  the  photoconducti ve  cell  and  the  microthermistor 
are  connected  through  insulators  10  to  octal  lamp  base  13,  by  means  of 
which  the  microthermostat  system  is  connected  to  the  apparatus.  Epoxy 
resin  11  povides  for  hermetic  sealing  of  the  glass  insulators  in  the 
case.  The  top  of  the  thermocouple  is  covered  with  cap  6,  which  is 
equipped  with  mica  window  3.  Epoxy  resin  is  also  used  to  attach  the 
mica  to  the  cap  and  the  cap  to  the  case.  Temperature  maintenance  of 
the  photoconductive  cell  at  the  required  level  is  accomplished  by  means 
of  an  external  circuit,  for  which  microthermistor  4,  which  is  attached 
to  the  cold  junction  of  the  thermoelectric  pile,  serves  as  the  sensor. 
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Figure  ~}h.  An  axonometric  section  of 

the.  first  version  of  a  microthermostat 
system  for  cooling  photoconducti ve  cells. 


In  order  to  reduce  heat  exchange  between  the  surrounding  air  and 
the  assembly  consist ing  of  the  cold  collector  of  the  thermoelement  and  the 
t,r  otoconductive  cell,  which  is  mounted  on  the  element,  the  internal 
volume  of  the  device  is  placed  under  a  vacuum.  Evacuation  of  the  device 
is  accomplished  by  means  of  metallic  stem  12,  which  is  "sealed  off"  by 
cold  welding.  Attachment  of  the  mi crothermostat  system  to  the  apparatus 
is  accomplished  by  means  of  flange  9,  which  provides  good  thermocontact 
and  corresponding  heat  transfer  from  the  thermoelement. 

The  basic  parameters  of  the  microthermostat  system  are  shown  below. 


Maximum  temperature  difference  (at  a  surrounding 


air  temperature  of  20°) 

60° 

Optimum  current 

20a 

System  voltage  drop 

0.1S  v 

Power  requirement 

3  w 

Dimensions:  height 

60  mm 

diameter 

47  mm 

Weight 

150  g 

F 


The  second  design  variation  of  the  device  is  intended  for  more 
intensive  cooling  of  the  photoconduct ive  cell,  extending  from  -60  to  -65°. 
The  semiconductor  pile  in  this  design  of  the  device  consists  of  3  stages, 
which  are  connected  in  parallel,  in  which  the  first  stage  consists  of 
3  pairs  of  thermoelements,  the  second  stage  consists  of  2  thermoelements 
and  t It c  third  stage  is  represented  hy  1  thermoelement.  The  number  of 
thermoelements  in  each  stage  is  determined  by  the  required  refrigerating 
capacity  which  must  provide  for  the  acceptance  of  heat  released  by  the 
hot  junctions  of  the  upper  stages.  The  hot  connecting  plates  of  the 
thermopile  have  straight-through  channels  for  the  passage  of  water  which 
serves  to  remove  heat  from  the  thermopile. 

The  electrical  supply  is  connected  through  2  terminals,  which  are 
soldered  to  the  coding  water  fittings. 

All  elements  of  the  thermopile  are  filled  with  a  thermoreactive 
epoxy  compound,  after  which  the  system  becomes  a  unit-constructed  finished 
device.  The  photoconductive  cell  is  cemented  to  the  collector  of  the 
cold  junctions  of  the  third  stage  of  the  thermopile  and  within  1  ir  2 
minutes  after  the  connection  to  the  thermopile  acquires  the  temperature 
of  the  collector. 

In  order  to  reduce  heat  exchange  from  the  first  and  second  stages 
to  the  surrounding  medium,  the  entire  thermopile  is  covered  with  foam 
plastic. 

The  basic  parameters  of  the  device  of  this  type  are  as  follows: 

94  a 
0.21  v 
19.8  w 

Running  water 
0.5  1/ m;n 

80° 

55  mm 
40  mm 
250  g 


Optimum  current 
System  voltage  drop 
Power  requirement 
Heat  removal 
Water  consumption  rate 
Maximum  temperature  difference 
(at  a  water  temperature  of  20°) 
Dimensions:  diameter 
height 

Weight 


Notwithstanding  the  significant  difference  provided  by  the  3-stage 
microrefrigerator  described,  its  application  is  possible  in  an  apparatus 
which  may  be  supplied  with  water.  In  a  number  of  cases  involving  the 
employment  of  photoconductive  cells,  these  conditions  cannot  be  satisfied. 
In  this  connection  a  third  design  version  of  the  microrefrigerator  was 
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developed  which  provides  for  intensive  cooling  of  a  photoconductive  cell 
with  heat  removal  from  the  hot  junctions  of  the  thermopile  by  means  of  a 
system  of  air  radiators,  which  are  cooled  by  forced  air  from  a  small  fan. 
The  device  was  intended  to  cool  a  film  photoconductive  cell,  which  was 
placed  in  a  glass  vacuum  bulb.  A  temperature  difference  of  100°  (from 
an  ambient  temperature  of  40°)  was  requires  for  cooling. 

The  3-stage  thermoelectric  pile  of  the  device,  in  contrast  to  the 
thermopile  employed  in  the  version  immediately  preceding,  where  all  three 
stages  were  connected  in  parallel  with  each  other,  has  the  first  and 
second  stages  connected  in  series,  and  the  third  stage  in  parallel  with 
the  second.  Such  a  method  of  connecting  the  stages  permits  the  refriger¬ 
ating  capacity  of  the  second  stage  to  be  increased  when  a  specified 
operating  current  is  supplied  to  the  pile. 

The  devices  constructed  in  the  form  of  a  radiator  block,  on  which 
the  thermoelectric  pile  is  mounted.  On  the  outside  the  radiator  block 
has  a  cover  which  is  equipped  with  a  fan  and  a  small-size,  economical 
electric  motor. 

A  section  of  this  version  of  the  device  is  shown  in  Figure  75. 
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Figure  75-  A  section  of  a  3*stage  cooler  for 
photoconductive  ceils  with  series-parallel 
current  supply  to  the  stages. 


The  first  stage  5  of  the  thermoelectric  pile  is  mounted  over  special 
heat  junctions  2  on  heat  transfer  base  1.  The  thermoelements  of  second 
stage  5  arc  connected  in  parallel  with  the  first  stage  through  heat 
junctions  4.  The  collectors  of  the  cold  junctions  of  the  second  stage 
are  made  in  the  form  of  a  curled  rod  6,  which  is  split  along  its  diameter. 
Thermoelement  of  third  stage  7,  which  is  connected  in  parallel  with  the 
thermoelements  of  the  second  stage,  is  located  on  the  upper  part  of  the 
rod.  Microthermistor  9,  which  is  the  sensor  in  the  temperature  stabili¬ 
zation  circuit,  is  attached  in  silver  almagam  in  the  collector  of  the 
cold  junction  of  third  stage  8.  Photoconducti vo  cell  10,  which  is  mounted 
in  a  vacuum  bulb,  is  located  directly  on  the  thermoelement  of  the  third 
stage.  Thermoinsulation  11  and  12,  formed  from  foam  plastic,  serves  to 
reduce  heat  flux  from  outside  the  device.  The  thermopile  is  covered  on 
the  outside  with  a  protective  case  of  decorative  plastic  13.  The  photo- 
conductive  cell  is  attached  to  the  cooler  w i tit  epoxy  compound  14.  The 
electrical  supply  to  the  thermopile  is  provided  by  2  flexible  busbars  IS. 
The  basic  parameters  of  this  type  of  cooler  are  shown  below. 


Operating  current  52  a 

Voltage  drop  in  the  thermopile  1  v 

Power  requirement  52  w 

Heat  removal  system  forced  air 

Maximum  temperature  difference  (with  a 

surrounding  air  temperature  of  40°)  102° 

Time  required  to  establish  minimum  temperature  2  min 

Type  of  electric  motor  used  with  fan  MU-010 

Electric  motor  voltage  27  y 

Power  required  by  the  electric  motor  3  w 

Number  of  revolutions  of  the  ventillnting  fan  6,000  rpm 

Dimensions:  diameter  150  nm 

height  65  mm 

height  (without  the  heat  removal  system)  250  g 

Starting  time  4  min 


An  overall  view  of  the  cooler  with  air  heat  removal  is  shown  in 
Figure  76.  The  thermoinsulation  has  been  removed. 

The  fourth  microrefrigerator  design  variation  for  photoconductive 
cells  is  intended  for  operation  in  an  infrared  liquid  analyzer. 
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Figure  76.  An  overall  view  of  a  3-stage 
cooler  with  an  air  heat-removal  system 
(the  thermoisolation  has  been  removed). 


A  semi-automatic  device  for  the  analysis  of  various  liquid  chemical 
products,  with  respect  to  their  absorption  of  infrared  radiation,  is 
widely  employed  in  modern  chemical  production.  The  type  1  F-l  photo- 
conductive  cell  has  been  specially  developed  to  serve  as  an  infrared- 
radiatic.n  detector.  Under  operating  conditions  the  surrounding  temperature 
may  reach  a  value  of  60* ,  whereas  the  sensitivity  of  the  photoconductive 
cell  employed  is  at  a  maximum  near  0°.  In  this  connection  the  development 
of  a  thermoelectric  cooler  was  required,  which  was  small  in  sice, 
economical  in  operation,  and  capable  of  operating  in  an  atmosphere  of 
corrosive  substances. 

Two  versions  of  the  device  were  developed,  which  differed  from  each 
other  in  external  shape  and  intended  for  installation  in  different 
apparatuses . 

A  section  of  one  of  the  versions  of  this  device  is  shown  in  Figure 
77.  Aluminum  casing  1  is  equipped  with  a  system  of  radiator  plates  2, 
which  provide  for  heat  removal  from  the  hot  junctions  of  the  thermopile 
by  means  of  natural  convection.  Thermoelement  4  is  mounted  on  two  crimped 
heat  junctions  3  in  the  casing.  The  collector  5  of  the  cold  junction 
is  made  in  the  shape  of  a  ring,  in  which  photoconductive  cell  6  is  mounted. 


,  * 
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The  photoconductive  cell  is  attached  to  thermoelement  by  sleeve  nut  7. 
Inside,  the  thermoelement  and  the  photoconductive  cell  and  thermally 
insulated  from  external  influences  hv  two  blocks  8  and  9  of  foam  plastic. 
Annular  ring  10  is  located  in  the  upper  foam  plastic  block.  The  ring 
contains  a  silica  gel  or  alumo  gel,  which  serves  to  dry  the  air  inside 
the  device  and  at  the  same  time  to  exclude  the  formation  of  moisture  on 
the  photoconductive  cell.  The  drying  agent  is  covered  on  the  top  by 
fine  screen  11  and  by  plastic  ring  12.  The  electrical  supply  to  the 
thermoelement  is  delivered  through  two  current-carrying  busbars  13,  which 
are  hermetically  sealed  in  the  casing.  Leads  14  to  the  photoconductive 
cell  and  to  the  microthermistor,  which  serves  as  an  sensor  for  the 
automatic  temperature  stabilization  circuit,  are  also  hermetically  sealed 
in  the  casing  of  the  device  by  means  of  special  epoxy  compound  15. 

The  basic  parameters  for  the  type  of  cooler  described  are  shown 
below . 


Operating  current  25  a 

Voltage  drop  0.25  v 

Power  requirement  0.25  v 

Photoconductive  cell  temperature  (with  an 

ambient  temperature  of  60°)  0° 

Time  required  for  tempeiature  stabilization  20  min 

Weight  of  the  device  430  g 

Dimensions:  diameter  90  mm 

height  47  run 


An  overall  view  of  this  device  is  shown  in  figure  78. 


Figure  78.  An  overall  view  of  a 
photoconduct i ve  cell  cooler  for 
an  infrared  liquid  analyzer. 


52.  A  mi crothe rmos ta t  System  for  Bolometer  Cooling 

Bolometers,  as  ordinary  and  high-sensitivity  receivers  of  radiant 
energy  have  found  comparatively  wide  application.  Bolometers  of  the 
semiconductor  type,  manufactured  from  oxide  compounds  of  cobalt,  manganese, 
and  other  materials,  have  received  the  most  widespread  usage.  Notwith¬ 
standing  their  known  merits,  semiconductor  bolometers  have  one  essential 
shortcoming,  which  is  a  significant  dependence  of  the  output  signal  on 
temperature.  This  dependence  is  illustrated  in  Figure  .9  for  the  UKM-l 
bolometer,  which  is  mass-produced  by  industry.  It  is  obvious  that  for 
normal  operation  of  this  type  of  device,  the  temperature  reduction  and 
stabilization  are  required.  A  thermoelectric  device  was  developed  for 
this  purpose.  A  sectional  view  of  the  device  is  shown  in  I igure  80. 


output  signal  of  the  BK.M-1 
bolometer  on  temperature. 


i  a 


bolomete  rs . 


The  casing  1  of  the  device  is  manufactured  from  type  "A-0"  aluminum, 
which  is  equipped  with  a  system  of  radiator  fins  2,  hy  means  of  which 
convection  heat  removal  from  thermoelement  3  is  accomplished.  The rmoe lement 
3  is  mounted  on  crimped  heat  junction  4,  which  arc  soldered  to  the  casing 
base.  Bolometer  t>  is  located  in  the  collector  of  the  cold  junctions  of 
thermoelement  5,  The  bolometer  is  attached  within  the  collector  l-y  means 
of  sleeve  nut  7.  The  leads  S  to  the  bolometer  are  in  special  hermetically- 
sealed  joint  11.  Leads  10  of  microthermistor  9,  which  serves  as  the 
temperature  sensor  of  the  device  is  connected  to  the  same  location.  The 
electrical  supply  to  the  thermoelement  is  made  through  the  2  busbars  12 
which  are  hermetically  sealed  in  the  casing.  The  flow  of  radiant  energy 
striking  the  receiver  is  focused  by  lens  13,  which  is  attached  to  tube 
14.  Tube  positioning  is  accomplished  by  lock  nut  15.  Thermoinsulation 
of  the  thermoelement  and  the  bolometer  from  the  surrounding  medium  is 
accomplished  by  foam  plastic  lb  and  17.  Base  18  serves  to  attach  the 
dr  Tee  to  another  apparatus. 

The  following  are  brief  technical  specifications  for  the  device. 


Operating  current  25  a 

Voltage  drop  0.1  v 

Power  requirement  2.5  w 

Temperature  difference  provided  by  the  device 

(with  an  ambiant  temperature  of  20° )  52° 


i 


€ 
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L>  intensions :  diameter 
length 

We i ght 


70  nim 
7  f>  mm 
aa5  g 


An  ever. ill  view  of  a  mi crothcrmost at  system  for  bolometer  cooling 
i s  shown  in  I  igi:  re  iS  1 . 
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Figure  8 1 .  An  overall  view  of  a  mi croref ri gerator 
for  bolometers . 


?3.  A  Thermoelectric  Cooler  for  Radiation  Ba  1  ance -Meters 

Radiation  balance -meters  are  widely  employed  in  meteorological 
practice  to  determine  the  quantity  of  solar  energy  falling  on  tiie  earth 
and  also  to  determine  the  quantity  of  beat  emitted  by  the  surface  of  the 
earth  to  the  surrounding  air. 

Basically  a  radiation  balance-meter  has  an  "absolutely  black" 
receiving  surface,  which  is  usually  a  blackened  plate  of  specified 
area.  A  thermocouple  is  attached  to  the  reception  plate,  which  registers 
the  plate  temperature.  The  temperature  difference  and  the  heating  rate 
of  the  balance-meter  receiver  from  the  surface  of  the  earth  and  from 
the  sun  serve  as  initial  data  for  t he  determination  of  radiation  balance. 
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In  order  to  increase  measurement  accuracy,  differential  balance- 
meters  are  usually  employed  which  have  two  receiving  surfaces,  one  of 
which  measures  the  radiation  from  the  earth  and  the  other  measure*  from 
the  sun.  Sometimes  balance-meters  are  employed  with  only  1  receiving 
surface,  which  is  attached  with  a  special  pivoted  device,  which  permits 
alternate  measurements  of  earth  and  sun  radiation  to  be  made.  However, 
the  method  of  radiation  balance  measurement  described  results  in 
significant  errors  due  to  the  influence  of  moving  air  --  the  wind  -- 
on  the  receiving  surface.  Temperature  change  on  the  receiving  surface 
under  the  influence  of  the  wind  is,  in  practice,  very  difficult  to  take 
into  consideration,  as  a  result  of  which  the  absolute  reliability  of 
measurements  is  low. 

The  influence  of  the  wind  on  balance-r  ter  indications  may  he  signifi¬ 
cantly  reduced  if  the  temperature  of  the  r>  iving  surface  is  maintained 
at  a  level  close  to  the  temperature  of  tin  urrounding  air.  Naturally 
the  application  cf  widely-employed  cooling  methods  for  the  receiving  sur¬ 
face  of  small  devicis  such  as  radiation-balance  meters  which  are  employed 
under  field  conditions,  is  not  possible. 

The  thermoelectric  method  of  cooling  has  permitted  the  development 
of  a  device  for  the  purpose  indicated.  Due  to  the  low  weight,  low  power 
requirement  and  self-contained  nature  of  the  system,  a  thermoelectric 
cooler  lias  still  another  inherent  advantage:  by  means  of  this  type  of 
cooling  the  temperature  on  the  receiving  surface  of  the  balance-meter 
ma>  be  established  at  the  desired  level  by  means  of  changing  the  value 
of  the  current  supply  to  the  cooler.  When  necessary  the  mode  of  operation 
can  bo  changed  from  cooling  to  heating  by  reversing  the  direction  of  the 
current . 


'I  he  cooler  itself  (figure  S2)  consists  of  thermoelectric  couple  1, 
the  old- junct ion  of  which  is  formed  by  plate  2.  Semi-cylinders  3,  which 
are  insulated  from  eacti  other,  are  soldered  to  the  hot  junctions  of  the 
thermoelement.  The  cylinders  are  equipped  with  fins  4  in  order  to  increase 
the  heat  dispersion  surface.  The  current  supply  to  the  thermoelement  is 
connected  to  terminals  5.  Attachment  of  the  cooler  to  the  balance-nieter 
system  is  accomplished  by  means  of  special  bar  t>.  In  order  to  reduce 
parasitic  heat  flow  to  the  thermoelement  from  the  surrounding  medium, 
the  thermoelement  is  surrounded  by  a  layer  of  thermal  insulation  7,  fabri¬ 
cated  of  foam  plastic.  The  outside  surface  of  the  thermopile  is  protected 
by  ring  8,  which  is  manufactured  of  decorative  plastic. 

An  overall  view  of  a  thermoelectric  cooler  for  radiation  balance- 
meters  is  shown  in  figure  83. 


Figure  82,  A  section  of  c 
cooler  for  radiation 
balance-meters . 


s 


Figure  83-  An  overall  view 
of  a  cooler  for  radiation 
ba 1 ance-mete  rs . 


The  basic  technical  data  for  the  device  are  as  follows. 


Maximum  operating  current 

Power  requirement  (at  maximum  current) 

Range  of  temperature  change 
Time  required  for  temperature  stabilization 
(at  a  surrounding  air  temperature  of  24 ‘ 
and  a  wind  speed  of  5  m/s c-c) 

Dimensions:  diameter 
hei  glu 

Weight 


22  a 
2.3  w 

-  o 
*  :> 


30-60  sec 
66  mm 
133  mm 

600  g 


In  a  case  when  a  thermoelectric  cooler  is  utilized  in  fixed  meteor¬ 
ological  stations,  its  current  supply  nay  be  provided  from  the  alternating 
current  network  thiough  a  4-wave  rectifier,  which  provides  the  current 
parameters . 

If  there  is  no  fixed  electrical  supply  network  in  the  area  where 
the  device  is  being  used,  it  may  supplied  from  appropriate  storage  batteries 
directly  or  through  a  current  convertor. 

§!«.  Thermoelectric  Coolers  for  Photomultipliers 


Photomultipliers  are  widely  employed  in  various  devices  used  in 
electronics,  atomic  physics,  astronomy,  geology,  archeology  and  other 
fields  of  modern  science  and  technology. 


Phott Multipliers  in  conjunction  with  scintillators  are  employed 
in  counting  elementary  particles  and  their  use  with  various  luminophors 
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permits  measuring  weak  radiation  in  the  wide  spectrum  range  from  the 
infrared  to  gamma-ray  radiation,  inclusively.  Photomultipliers  permit 
the  amplification  of  small  light  signals  by  10s- 1 0 7  times  without 
additional  circuits,  which  favorably  distinguishes  them  from  vacuum 
photoe lemcnts . 

Photomultipliers  produced  by  industry  in  a  majority  of  cases  employ 
an  antimony-cesium  photocathode  as  the  light-sensitive  element.  Photo¬ 
multiplier  threshhold  sensitivity  is  limited  by  the  value  of  the  dark 
current,  which  depends  on: 

1)  the  thermionic  emission  of  the  photocathode  and  the  first  dynodes; 

2)  the  leakage  currents  between  the  anode  and  the  other  electrodes; 

3)  the  secondary  emission  from  the  photocathode  and  the  emitters 
when  they  are  bombarded  by  residual  gas  ions; 

4)  the  autoe lect ron i c  emission  from  the  photocathod  and  the  dynodes; 

5)  the  fluorescence  of  the  glass  and  the  last  dynodes. 

With  good  gas  removal  in  the  process  of  manufacturing  of  the  multiplier 
and  with  a  high  vacuum  in  the  finished  article,  the  greater  part  of  the 
dark  current  occurs  as  the  result  of  the  first  two  causes.  Therefore  the 
most  effective  means  of  decreasing  the  dark  current  is  the  suppression  of 
thermionic  emission  of  the  photocathode  and  the  first  emitters  (dynodes). 
This  is  accomplished  by  cooling  the  entire  device  or  the  photocathodc  ar.d 
the  first  dynodes. 

It  follows  from  published  data  that  cooling  the  photomultiplier  with 
an  antimony-cesium  cathode  to  0C  reduces  the  dark  current  by  three  times, 
and  reducing  the  temperature  to  -10°  reduces  the  dark  current  by  five 
times,  and  a  reduction  of  -50°  reduces  the  dark  current  by  30  times, 
further  cooling  leads  to  an  even  more  significant  reduction  in  the  dark 
current . 

Various  methods  are  employed  to  cool  photomultipliers  (liquid  air, 
cryogenic  mixtures,  forced  air  cooling,  solid  carbon  dioxide,  etc.). 

However,  as  the  result  of  technical  difficulties  and  operating  inconven¬ 
iences,  these  methods  have  not  enjoyed  a  widespread  application.  In  this 
connection  the  utilization  of  semiconductor  thermoelectric  piles  presents 
a  great  deal  of  interest,  since  they  permit  the  development  of  simple  and 
small  cooling  devices. 
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Several  types  of  these  devices  have  been  developed.  Figure  84  shows 
a  section  of  one  of  the  cooling  devices  with  the  SliU-19  M  photomultiplier 
(developed  in  1956)  mounted  inside. 


Figure  8h  .  A  section  of  a  volumetric 
cooler  for  a  photomultiplier. 


The  thermoelectric  pile  11  consists  of  80  series-connected  thermo¬ 
elements,  which  after  immersion  in  epoxy  resin  form  a  single  block.  The 
cold  junction  of  the  thermoelectric  pile  are  coupled  to  part  3,  which 
in  turn  is  coupled  through  a  system  of  spring  contacts  2  with  the  glass 
column  of  the  photomultiplier  7  in  the  area  adjacent  to  the  photocathode 
A  layer  of  thermoinsulation  9,  of  foam  plastic,  is  located  between  the 
external  housing  10  of  the  device  and  the  internal  glass  8.  The  upper 
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removable  cover  5  of  the  device  has  panel  6,  in  which  the  photomultiplier 
is  placed.  Socket  1  on  the  cover  serves  as  a  connection  to  the  circuit. 
Heat  from  the  hot  junctions  of  the  thermopile  is  dispersed  to  frame  4. 

The  light  input  to  the  photocathode  is  accomplished  by  means  of  an 
aperture  in  the  thermopile.  The  device  described  is  intended  for  operation 
in  automatic  tracking  systems  employed  in  conducting  astronomical  observa¬ 
tions  . 


Another  type  of  thermorefrigeration  device  was  developed  and  manu¬ 
factured  for  the  purpose  of  cooling  photomultipliers  employed  in  scin¬ 
tillation  analysis  (with  the  employment  of  solid  or  liquid  scintillators). 
Figure  85  shows  a  thermoelectric  refrigerator  used  for  cooling  the 
ILLU - 11  photomultiplier,  which  is  employed  in  a  device  intended  for  a 
natural  C‘M  count.  In  this  device  heat  removal  from  the  hot  junction 
of  the  thermopile  is  accomplished  by  running  water.  A  place  has  been 
provided  for  a  bulb  containing  a  liquid  scintillator  in  the  refrigeration 
chamber,  the  details  of  which  differ  little  from  those  shown  in  Figure  84. 


GRAPHICS 
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Figure  85.  An  overall  view 
of  a  refrigerator  for  the 
FE'J- II  photomu  1 1  i  o  I  i  e  r , 
which  is  employed  in  a 
scintillation  analysis  device. 
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In  the  thermoelectric  refrigerators  described  (with  a  volume  of 
800  cm3),  the  temperature  reduction  obtained,  with  respect  to  room  tempera¬ 
ture,  is  30-35°.  A  steady-state  condition  in  the  chamber  is  established 
in  40-50  minutes,  after  which  the  photocathode  temperatuie  is  -10  to  -12°, 
and  the  temperature  in  the  chamber  is  5-o°  higher.  It  must  be  kept  in 
mind  that  condensation  of  water  vapors,  which  occurs  in  the  cooled  space, 
may  significantly  impair  the  operation  of  the  photomultiplier,  therefore 
a  drying  agent  (silica  gel,  anhydrone  or  alumo  gel). 

During  tests  of  the  thermoelectric  refrigerators  described  above, 
it  became  clear  that  in  order  to  achieve  the  same  results  it  was  not 
necessary  to  place  the  entire  photomultiplier  in  the  refrigeration  chamber; 
it  was  sufficient  to  reduce  the  temperature  of  the  end  portion  of  the 
photomultiplier,  to  which  t lie  photocathode  is  attached. 

figure  8b  shows  a  section  of  a  thermoelectric  refrigerator  for 
cooling  the  end  of  the  FEU- 19  multiplier.  The  thermoelectric  pile  of 
this  multiplier  has  two  stages,  and  the  overall  temperature  difference 
obtained  is  55°.  Heat  removal  from  the  hot  junctions  of  the  thermopile 
is  accomplished  by  means  of  running  water  with  a  water  consumption  rate 
of  approximately  50  Ij h.  The  employment  of  water  for  the  cooling  system 

permitted  a  sharp  reduction  to  be  made  in  the  dimensions  and  weight  of 
the  refrigerator.  Meat  removal  from  the  photomultiplier  is  accomplished 
by  means  of  an  effective  heat  coupling  of  the  thermopile  cold  junction 
collector  with  the  end  surface  of  the  photomultiplier.  As  a  resuit  ci' 
this  coupling  the  operating  diameter  of  the  photocathode  is  reduced  some¬ 
what  (from  40  to  25  mm),  however,  in  the  overwhelming  majority  of  cases 
such  a  reduction  plays  no  significant  role. 

I'he  thermoelectric  pile  for  a  refrigerator  of  tiiis  type  has  both 
the  first  and  the  second  stages  distributed  in  a  circle,  the  center  of 
which  forms  au  aperture  for  the  penetration  of  light  to  the  multiplier 
photocathode . 

The  system  of  hot  connecting  plates  of  the  refrigerator  consists  of 
9  aluminum  segments  6.  Annular  channel  1  is  located  inside  the  segments 
and  forms  a  path  for  the  water  which  removes  heat  from  the  hot  junctions 
of  the  thermopile.  Red-copper  washers  2  are  soldered  to  the  a  1 urn i nun  at 
the  locations  where  the  hot  connecting  plates  are  soldered  to  the  semi¬ 
conductors  of  the  first  stage.  Water  is  supplied  tc  and  flows  through 
two  nippies  3,  which  are  attached  to  the  casing  with  epoxy  cement.  The 
entire  system  of  hot -connecting  plates  is  filled  with  epoxy  resin  4,  and 
in  a  preliminary  step,  elect  ri  cal  ly  -  insalat  ir.g  washers  5  are  placed  between 
the  segments.  This  assembly  system  for  the  base  of  the  thermoelectric 
pile  permits  obtaining  a  single,  mechanically  strong  sub-assembly  with 
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t!u*  connecting  plates  electrically  insulated  from  each  other.  The 
thermoelectric  pile  of  the  first  stage  consists  of  8  thermoelements. 

1  he  second  stage  consists  of  two  thermoelements.  An  overall  view  of 
a  refrig’-'i  ator  of  this  type  with  the  SfU-19  M  photomultiplier  installed 
is  shown  in  figure  S~. 


View  in  the  direction  A 


Figure  86.  A  section  of  a  refrigerator  with 
liquid  heat  removal  for  cooling  the  front 
portion  of  a  photomultiplier. 
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t- inure  87-  An  overall  view  of  a  refrigerator 
with  liquid  heat  removal  installed  on 
a  pho  tomul t i p I i e  r . 


In  connection  with  the  success  achieved  in  the  technology  oi  the 
manufacture  of  thermoelectric  cooling  devices,  in  l'J59  a  new  design 
variation  of  the  device  for  the  cooling  of  the  photomultipliers  was 
developed.  The  designer  of  the  device  provided  for  the  cooling  of  the 
glass  hul'o ,  to  which  the  photo  cathode  is  applied,  just  as  in  the  previous 
version  with  liquid  heat  removal.  The  distinguishing  characteristic 
of  this  design  is  the  possibility  of  providing  for  liouid  of  force  air 
heat  removal  from  the  hot  junctions  of  the  thermopile.  The  two-stage 
thermoelectric  pile  empiov  s  s">ies  feeding  of  the  tirst  and  second 
stages.  A  high  second- stage  refrigerating  capacity  is  obtained  by  this 
method ,  with  a  correspondingly  high  temperature  difference,  obtained  ioi 
the  device  as  a  whole,  of  60-6.1'  . 

The  thermopile  is  connected  through  electrically-insulated  junctions 
which  possess  low  thermal  resistance,  and  is  soldered  to  an  aluminum 
block  which  is  equipped  with  a  system  of  radiator  plates  for  air  heat 
removal  and  with  a  channel  for  the  passage  of  water  during  liquid 
heat  elimination.  In  order  to  provide  for  a  maximum  reduction  in  the 
sides  of  the  device  and  to  reduce  its  weight,  the  surface  of  the  radiator 
plates  as  cooled  with  a  small  fan,  mounted  in  a  fitting  attached  to  the 
cover  of  the  device,  due  to  the  application  of  forced  air  cooling,  the 
surface  of  the  radiator  plates  was  successfully  reduced  by  7  times,  with 
respect  to  the  area  required  with  natural  convection  heat  removal. 

The  thermocoupling  between  the  end  portion  of  the  photomultiplier 
and  the  cold  junction  collector  of  the  thermopile  second  stage  is 


provided  by  means  of  a  resin  washer  0.2  mm  in  thickness,  which  is  cemented 
to  the  collector.  This  coupling  method  excludes  poor  thermal  contact 
of  the  end  of  the  photomultiplier  envelope  with  the  cold  thermopile 
junctions.  The  device  is  equipped  with  thermal  insulation,  fabricated 
from  foam  plastic,  in  order  to  reduce  the  heat  load  on  the  thermopile 
from  the  surrounding  medium.  Llectrical  system  connections  to  the 
thermopile  are  accomplished  through  current  leads,  and  the  water  connec¬ 
tion  in  the  case  of  liquid  heat  removal  is  provided  through  nipples. 

An  overall  view  of  the  thermoelectric  refrigerator  with  a  combined 
air- liquid  heat  elimination  system  is  shown  in  figure  88,  with  the  SbU-19 
photomultiplier  installed,  'lests  of  the  refrigerator  have  revealed  that 
with  a  surrounding  air  temperature  of  20”,  the  temperature  in  the  center 
of  the  photocathode  was  reduced  to  -37°  after  10  minutes  of  operation 
with  the  air  heat  removal  system. 
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Figure  88.  An  overall  view  of  the 
photomultiplier  refrigerator 
with  a  combined  air-liquid 
heat  elimination  system. 


3® 


Figure  89.  The  noise  character¬ 
istics  of  the  SEU-19  photo¬ 
multiplier  with  an  without 
a  refrigerator. 

N,  Scaler  reading,  6/ 4 ; 

V,  Discriminator  signal 
1  eve  1  ,  v . 


The  noise  characteristics  of  the  SEU-19  photomultiplier  with  the 
refrigerator  (.curve  1)  and  without  the  refrigerator  (curie  2)  are  shown 
in  figure  89. 


1 
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The  basic  technical  parameters  of  thermoelectric  refrigerators 
for  photomultiplier  cooling  are  shown  in  Table  .10. 

Table  20. 

Basic  Data  for  Thermoelectric  Devices  for  Photomultiplier  Cooling 
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Key:  a,  Type  of  device;  b,  minimum  photocathode  temperature,  ~ C ; 
c,  operating  current,  a;  d,  operating  voltage,  v;  e,  power 
requirement,  w;  f,  water  consumption,  ,’/h;  g,  dimensions,  mm; 
h,  height;  i,  diameter;  j,  weight,  g;  k,  for  the  fan  motor. 


experiments  conducted  with  the  cooled  FLU- ID  M  photomultiplier  have 
revealed  that  in  individual  cases  cooling  of  the  photocathode  did  not 
lead  to  the  expected  reduction  in  the  value  of  the  dark  current.  This 
is  explained  by  the  fact  that  the  dark  current  of  the  photomultiplier  is 
caused  not  only  by  photccathode  thermionic  emission,  but  also  by  discharge 
phenomena  in  the  residual  gas  and,  which  is  most  important,  by  K'<0  radio 
activity,  contained  in  the  glass  from  which  the  multiplier  envelope  is 
constructed,  and  from  the  mica  on  which  the  dynodes  are  mounted. 
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Thus  the  successful  application  of  cooling,  in  particular,  with 
thermoelectric  refrigerators,  for  the  reduction  of  the  dark  current  is 
closely  associated  with  photomultiplier  production  technology.  In  the 
case  where  the  dark  current  is  caused  only  by  photocathode  thermionic 
emission,  the  employment  of  thermoelectric  refrigerators  is  quite 
effective . 


CHAPTER  XII.  Thermoelectric  Cooling  Devices  for  Medicine 


fl.  A  Thermoe 1 ec t r i c  Cataract  Cryoextractor 

Cataracts  --  clouding  of  the  crystalline  lens  of  the  eye  --  are  one 
of  the  most  frequent  reasons  of  complete  loss  of  sight  among  elderly 
persons.  Various  types  of  cataracts  are  encountered  among  patients  and 
other  adult  groups,  including  congenital  cataracts  in  children. 

the  first  mention  of  this  disease  was  in  Assyrian  treatises  dated 
in  the  third  century  B.C.  Since  that  time  scientists  of  our  World  have 
searched  for  the  most  logical  method  of  removing  the  dull  cataract  disc 
situated  over  the  pupil  and  interf ere uig  with  the  penetration  of  light 
into  the  eye.  The  ancient  oculists  studied  various  mechanical  methods 
of  pushing  the  clouded  crystalline  lens  from  the  pupil.  This  method 
received  the  name  of  "scale  removal".  However  in  a  short  time  the 
crystalline  lens  resumed  its  initial  state  and  the  patient  was  again 
depr i ved  of  sight . 

In  1752  the  French  physician  Daviel  succeeded  for  the  first  time  in 
extracting  a  cloudy  crystalline  lens  from  the  eye  with  thin  pincers 
through  a  corneal  incision.  In  the  course  of  the  next  200  years  the 
operation  of  extracting  cataracts  underwent  a  number  of  refinements, 
both  in  the  development  oi'  modern  instruments,  as  well  as  in  the  develop¬ 
ment  of  operational  techniques.  At  the  present  time  the  only  method  of 
curing  cataracts  is  the  surgical  removal  of  the  clouded  crystalline  lens 
with  subsequent  compensation  of  its  optical  properties  by  spectacles. 

Notwithstanding  such  widespread  application,  the  cataract  extraction 
operation  still  has  many  weak  areas,  the  elimination  of  which  lias  been 
the  subject  of  a  great  deal  of  work  by  both  Soviet  and  foreign  authors. 
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In  contemporary  opthainologic  practice  there  are  four  methods  of 
crystalline  lens  extraction: 

11  mechanical  seizure  of  the  crystalline  lens  by  means  of  special 
pincers  or  suction  devices  with  subsequent  withdrawal  of  the  lens  through 
ail  operational  incision  in  the  cornea, 

.-m  extrusion  of  the  crystalline  lens  through  an  operational  incision; 

3)  a  combination  of  the  methods  of  extraction  and  extrusion; 

4}  the  employment  of  special  chemical  substances  which  destroy  the 
ciliary  fibers  supporting  the  crystalline  lens  in  the  eye. 

Mechanical  methods  of  seizure  and  removal  of  the  crystalline  lens 
do  not  guarantee  successful  execution  of  the  operation,  since  ti.e  point 
of  application  of  the  instrument  is  the  crystalline  lens  capsule,  which 
has  insignificant  thickness  and  strength.  Until  recent  times  the  removal 
of  the  cloudy  crystalline  lens  in  the  capsule  has  presented  significant 
technical  difficulties  ar.i  has  been  achieved  only  by  ophtharso legists  of 
high  qualifications.  In  this  c  onr.ect  ion  the  intercapsular  extinction 
operation  is  often  replaced  by  the  ext racansular  extraction  operation, 
l.o.  ,  removal  of  the  crystalline  lens  in  parts.  However  m  tins  connection 
part  of  the  crystal  lino  lens  capsule  remains  i thv  posterior  membrane) , 
and  sometimes  the  cataract  mass  as  well,  which  serves  as  a  substratum 
for  the  formation  of  a  film  --  the  secondary  cataract  . 

The  crystal  line  lens  e.xtrusi  >n  method  is  associates  with  the? 
danger  of  prolapse  of  the  vitreois  body,  wiiwh  leads  to  complete  loss 
of  the  eye. 

Chemical  action  on  the  ciliary  fibers  winch  support  the  crystalline 
lens  in  the  eye  only  partially  fac i 1 1  i tat es  removal  of  the  crystalline 
lens,  however  chemical  substances  employed  for  tins  purpose  also  act  on 
the  surrounding  tissues  of  the  eye  and  tins  leads  to  numerous  complications. 

Statistical  data  available  in  eye  clinics  of  the  Soviet  union  leveal 
that  with  the  utilization  of  the  methods  of  cataract  extraction  described 
above,  only  30- •♦O'  of  the  patients  successfully  endure  this  operation , 
and  60-701.  oi  tne  patients  suffer  post -uperat i ve  complications  which 
require  additional  hospitalization  and  treatment. 

In  l'.'Ol  the  Polish  ophtnamologist  Krvavicii  proposed  a  new  method 
of  cataract  extraction  --  cryoextract i on .  Basically  this  method  consists 
of  the  lol lowing. 


A  massive  metallic  "pencil"  with  a  bead  on  the  end  --  the  crycextractor 
--  is  submerged  in  a  mixture  of  solid  carbon  dioxide  and  methyl  alcohol. 

The  long  narrow  tip  of  the  instrument,  which  *  ceded  to  a  temperature  of 
-78° ,  is  introduced  into  the  incision  until  it  contacts  the  crystalline 
lens.  The  crystalline  lens  freezes  to  the  cryoextractor  and  is  then 
withdrawn  from  the  eye.  However,  Krvavich's  instrument  had  a  number  of 
serious  shortcomings,  which  limited  its  widespread  application,  among 
these  shortcomings,  the  following  must  be  considered. 

1.  Uneven  tempertures  on  the  edges  of  the  cryoextractor.  At  the 
moment  of  withdrawal  from  the  cooling  mixture,  the  temperature  of  the 
instrument  is  too  low,  and  then  rises  rapidly  as  the  result  of  heat  flow 
from  the  surrounding  air  and  from  the  eye  tissues.  As  a  result,  the 
moment  of  achievement  of  optimum  temperature  is  often  missed. 

2.  In  case  the  cryoextractor  contacts  the  cornea,  the  iris  or  other 
eye  tissues,  these  parts  freeze,  which  leads  to  serious  post-operative 
complications . 

3.  The  relative  scarcity  and  expense  of  solid  carbon  dioxide  and 
difficulties  associated  with  transportation  limit  the  use  of  Krvavich’s 
method  to  the  eye  clinics  of  large  cities. 

In  1903  a  device  was  developed  intended  for  the  intercapsular 
extraction  of  cataracts,  based  on  the  cryoextraction  method,  but  without 
the  shortcomings  of  Krvavich's  device. 

The  phenomenon  of  thermoelectric  coding  was  employed  in  the  device 
proposed.  This  permitted  obtaining  the  required  temperature  on  the 
operating  part  of  the  device,  which  could  be  maintained  at  the  required 
level  for  an  unlimited  period  of  time.  Whenever  necessary  a  switch  on 
the  control  panel  of  the  device  permits  raising  of  the  temperature  of 
the  cooled  end  to  20° 

The  thermoelectric  cataract  cryoextractor  is  a  refrigerator  made 
in  the  form  of  a  miniature  handle,  with  a  coding  semiconductor  thermo¬ 
element  in  the  end.  Screwed  to  the  thermoelement  in  the  operating  tip 
in  the  form  of  a  cone  with  an  off-set  extended  point.  The  electrical 
supply  to  the  thermoelement  is  provided  from  a  special  small  rectifier 
which  is  equipped  with  automatic  and  interlock  elements  which  prevent 
improper  operation  of  the  device. 

Heat  removal  from  the  thermoelement  is  accomplished  by  means  of 
running  water  from  the  water  supply  which  passes  to  the  cryoextractor 
through  two  rubber  hoses,  in  which  t.he  current-carrying  busbars  are 
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also  located.  Efficient  construction  of  the  cryoextractor ,  the  control 
panel  and  the  current  supply  system  make  the  apparatus  compact,  convenient 
and  free  from  failures  in  operation.  The  method  of  employment  of  the 
thermoelectric  cataract  cryoextractcr  consists  of  contacting  the  crystalline 
lens,  which  has  been  exposed  during  the  course  of  the  operation,  with  the 
tip,  which  is  cooled  to  a  temperature  of  -30  to  -35°.  In  2  or  3  seconds 
the  crystalline  is  firmly  frozen  to  the  tip  and  is  easily  withdrawn  from 
the  eye.  The  freezing  zone  encompasses  not  only  the  crystalline  lens 
capsule,  but  partially  penetrates  the  lens,  which  prevents  rupture  of 
the  capsule  and  complications  associated  with  this. 

Experimental  versions  of  the  thermoelectric  cataract  cryoextractors 
were  made  in  the  Semiconductor  Institute  of  the  Academy  of  Sciences  of 
the  USSR  and  were  forwarded  for  clinical  tests  to  a  number  of  leading 
eye  clinics  of  the  Soviet  Union.  According  to  official  records  of  the 
clinics  and  to  operating  surgeons,  the  application  of  the  thermoelectric 
cataract  cryoextractor  significantly  simplifies  the  technique  of  inter- 
capsular  cataract  extraction.  Due  to  the  utilization  of  this  device  the 
extraction  of  cataracts  is  no  longer  the  lot  of  only  a  few  chosen 
ophthamologists  but  can  be  accomplished  by  surgeons  of  average  qualifica¬ 
tions  . 1 

Operations  performed  on  a  large  number  of  patients  revealed  practi¬ 
cally  no  post-operative  complications,  and  the  sight  of  all  the  patients 
was  returned. 

The  cryoextractor  itself  (Figure  90)  consists  of  duralumin  casing  8, 
which  has  two  red-copper  polycylinders  6  and  7  in  the  front  part,  which 
are  insulated  from  each  other  and  from  the  casing.  The  cylinders  form 
the  base  on  which  the  thermoelectric  element  is  mounted.  Electrical 
insulation  of  the  polycylinders  from  the  casing  of  the  device  is 
accomplished  by  means  of  epoxy  resin.  In  order  to  remove  the  heat  released 
at  the  thermoelement,  the  base  parts  have  internal  channels  connected  to 
two  red-copper  pipes  9,  through  which  the  cooling  water  flows.  The 
thermoelement  which  consists  of  two  semiconductors  4  and  5,  which  have 
n-type  and  p-type  conductivity,  are  soldered  to  the  heat  transfer  base. 
Operating  tip  1,  which  is  constructed  of  chrome-plated  copper  and  which 
has  the  shape  of  an  elongated  cone  with  an  off-set  point,  is  screwed  to 
the  collector  of  the  cold  junction  of  thermoelement  2. 


*At  the  Liepzig 
cryoextractor  was 


International  Fair  in  1966  the  thermoelectric  cataract 
awarded  a  large  gold  medal. 


Figure  90.  A  section  of  a  thermos  1 ect r i c  cataract  cryoext ractor . 


The  device  uses  a  combined  current-supply  system,  which  provides 
for  easy  manipulation  of  the  handle  of  the  cryoextractor  during  the 
operation.  This  system  consists  of  two  rubber  hoses  10,  7  *  5  mm  in 
diameter,  and  1300mm  long.  Inside  the  hoses  are  current  busbars  11, 
which  are  2.5  mm  in  diameter,  which  connects  rhe  electrical  supply  to  the  thermo 
element.  The  busbars  are  constructed  of  flexible  ’  G-copper  cable  in 
teflon  insulation.  Thus  the  current  conductors  are  constantly  immersed 
in  water,  as  a  result  of  which,  notwithstanding  the  high  cm  rent  passing 
through  the  cables,  their  section  has  been  made  relatively  small.  Water 
connection  to  the  device  is  accomplished  by  means  of  combined  coupling 
12. 

In  order  to  seal  the  device  hermetically,  which  is  required  for 
sterilization  during  preparation  for  an  operation,  the  thermoelement  is 
covered  by  protective  cap  3  of  lactic  plexiglass  and  is  sealed  hermetically 
with  epoxy  resin.  Operational  control  of  the  cryoextractor  is  concentrated 
in  one  control  section,  in  which  the  thermoelement  current  supply  rectifier 
and  also  the  automatic  and  interlock  elements  are  mounted.  The  principal 
electrical  diagram  of  the  control  section  is  shown  in  Figure  91. 

The  rectifier  which  supplies  the  thermoelement  is  of  the  full-wave 
type  and  consists  of  power  transformer  T^.,  two  germanium  diodes  Dj  and  D, 

(type  VG-50-1S)  and  filter  choke  Ch.  The  rectified  voltage  output  at  the 
choke  has  a  ripple  of  S-7?«,  which  does  not  effect  thermoelement  operation. 

The  primary  winding  of  the  power  transformer  is  designed  for  connection 
of  the  device  to  a  220/127  v  network  through  voltage  selector  switch  . 


-194- 


Figure  91.  Principal  schematic  of  the  current 
and  control  sections  of  the  thermoelectric 
cataract  extractor. 

The  rectified  voltage  is  applied  to  the  thermoelement  through  heavy- 
duty  switch  which  reverses  the  current  through  the  load  and  thereby 

changes  the  thermoelement  from  the  cooling  mode  to  the  heating  mode.  In 
order  to  prevent  overheating  of  the  operating  tip  of  the  cryoextractor 
during  the  "heating"  mode,  the  control  section  has  bimetallic  heat  relay 
Kj ,  which  disconnects  the  input  circuit  after  20-25  seconds. 

Hydraulic  relay  Kol  placed  to  interrupt  the  input  circuit,  excludes 

4. 

the  possilibity  of  turning  on  the  device  without  the  preliminary  delivery 
of  water.  The  signal  lamps  and  ,  which  are  installed  on  the  front 

panel  of  the  control  section,  indicate  that  the  device  is  switched  on  and 
whether  the  device  is  being  operated  in  the  "cooling"  or  "heating"  mode. 

The  signal  lamps  are  switched  into  the  circuit  by  relay  K^,  which  protects 

the  lamps  from  overvoltage  caused  by  the  heavy  current  at  the  moment  of 
switching  polarity  of  the  current.  Resistor  R^  serves  to  exclude  the 

application  of  voltage  to  the  cryoextractor  in  an  emergency  condition, 
if  a  breakdown  occurs  between  the  primary  and  secondary  windings  of  the 
power  transformer. 
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The  temperature  of  the  operating  tip  in  the  thermoelectric  cataract 
cryoextractor  depends  on  the  temperature  of  the  water  in  the  heat  removal 
system.  But  even  with  a  water  temperature  of  20°  (during  the  summer  for 
Southern  regions  of  the  country) ,  the  temperature  at  the  tip  is  equal  to 
-21°,  which  is  quite  sufficient  for  normal  operation  of  the  device. 

The  basic  specifications  of  the  cataract  cryoextractor  are  shown 
below. 


Operating  current 
Operating  voltage 
Power  requirement 
Input  power  requirement 

Tvmperatue  at  the  operating  tip  of  the  device 
(with  a  water  temperature  in  the  heat  removal 
system  of  15°) 

Time  to  establish  cooling  mode 
Time  required  to  heat  tip  to  20“ 

Water  flow  rate  in  the  heat  removal  system 
Weight  of  the  handle  of  the  cryoextractor 
Handle  dimensions:  diameter 
height 

Weight  of  the  control  section 
Control  section  dimensions 
Continuous  operating  time 
Operating  life 
Storage  life 


90  a 
1.7  v 
153  w 
260  w 


-2S  to  -30° 
2  min 
20-25  sec 


40  I/ h 
65  g 
16  mm 
105  mm 
18  kg 


280  x  220  *  185  mm 
unlimited 
S  years 
5  years 


An  overall  view  of  the  thermoelectric  cataract  cryoextractor  with 
the  control  section  is  shown  in  Figure  92. 

§2.  A  Device  for  Thermal  Stimulation  of  the  Skin  --  a  Thermod1 

In  practical  physiological  investigations  cooling  or  heating  of  a 
limited  area  of  the  skin  is  often  required.  Various  skin  thermal  devices 
are  usually  employed  for  this  purpose. 

The  application  of  thermal  stimulation  with  the  aid  of  "thermal 
packs"  and  other  devices  employed  for  this  purpose,  i.e.,  thermods ,  filled 
with  water  or  ice  do  not  provide  the  exact  measure  of  thermal  stimulation 
and  require  further  modernization.  In  addition,  temperature  reduction 
in  these  devices  by  means  of  various  cooling  agents  (water,  ice,  solid 
carbon  dioxide,  etc.)  do  not  satisfy  practical  requirements  due  to  the 
impossibility  of  providing  for  a  rapid  temperature  change,  which  in  a 
number  of  cases  is  definitely  indicated. 

1 "No  exact  equivalent  of  this  term  can  be  found.  It  is  possibly  a  generic 
term  for  devices  used  in  the  therapeutic  application  of  heat  or  cold.--Tr." 
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Figure  32.  An  overall  view  of  the  thermo¬ 
electric  cataract  cryoextractor  wl th  the 
power  supply  and  control  section. 


The  tnermod  design  represents  a  thermoelectric  device,  which  does 
not  possess  the  shortcomings  indicated.  With  insignificant  size  and  weight 
(450  g) ,  it  permits  an  exact  measure  of  thermal  stimulation  and  when 
required  can  be  switched  from  a  cooling  to  a  heating  mode  in  a  short 
period  of  time.  The  temperature  of  the  operating  part  of  the  thermod  may 
be  changed  from  -35  to  +50°.  For  convenience  the  device  is  made  in  the 
form  of  a  handle  (Figure  93).  Cooling  or  heating  of  the  operating  portion 
1  of  the  device  is  accomplished  by  thermoelectric  couple  2  and  3,  which 
consist  of  one  high-current  thermoelement.  Heat  removal  from  the  thermopile 
is  accomplished  by  means  of  running  water,  which  inters  the  device  through 
two  rubber  hoses  4.  Current  conductors  S,  which  deliver  current  to  the 
thermoelement,  pass  inside  the  water  hoses  and  are  immersed  in  water 
during  operation.  Such  an  electrical  and  water  system  supply  to  the 
device  permits  a  significant  reduction  to  be  made  in  the  section  of  the 
current-carrying  conductors,  which  in  turn  permitted  the  development 
of  the  flexible,  conveniently  manipulated  device.  The  water  connection 
and  also  the  electrical  supply  are  accomplished  through  nipples  6  and 
terminals  7. 
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Figure  93.  A  section  of  a  thermoelectric  device  for  thermal  skin  stimulation 

-*  a  thermod. 


A  high-sensitivity  semiconductor  thermocouple  provides  continuous 
measurement  of  the  temperature  of  the  operating  surface  of  the  device. 

The  thermocouple  arms  consist  of  tellurium  and  an  n-type  ternary  alloy, 
employed  for  the  negative  arms  of  the  thermoelements.  The  ends  of  the 
thermocouple  used  for  measurement  are  extended  from  the  device  with  the 
electrical  and  water  supp’v  system  hoses.  The  hot  connecting  plates  8 
of  the  thermoelement  with  channel  9  for  the  passage  of  water  are  manu¬ 
factured  of  copper  and  immersed  in  epoxy  resin  tin.  The  housing  11  is 
manufactured  of  ebonite. 

The  electrical  control  circuit  of  the  device  (Figure  94)  is  suffi¬ 
ciently  simple  and  reliable  to  permit  the  device  to  be  used  by  average 
medical  personnel  which  have  no  specialized  training. 

Maintenance  of  the  required  temperature  of  the  device  both  in  the 
cooling  as  well  as  in  the  heating  mode  is  accomplished  by  changing  the 
value  of  resistance  RT,  which  is  switched  into  the  arm  of  a  bridge  circuit. 
Subsequent  temperature  stabilization  is  accomplished  automatically  by  the 
measuring  thermocouple  MT,  which  is  switched  into  tl|e  same  bridge  circuit. 

A  change  in  the  value  of  resistance  RT  leads  to  bridge  unbalance.  A 
constant  voltage  originating  in  the  bridge  diagonal  is  applied  to 
*  vibrator  converter  VC,  where  the  unbalance  signal  is  converted  to  an 

alternating  current,  which  after  amplification  is  applied  to  relay  K_, 

the  contacts  of  the  relay  close  and  turn  on  the  rectifier,  which  supplies 
current  to  thermoelement  TE.  The  temperature  on  the  operating  surface 
of  the  device  begins  to  change  (cools  or  heats),  which  leads  to  the 
appearance  of  a  voltage  on  the  measurement  on  the  thermocouple,  which 
in  turn  decreases  bridge  unbalance. 
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Figure  9^.  The  electrical  circuit  of  the  supply  and 
central  sections  of  the  thermod. 


At  the  moment  when  the  temperature  on  the  operating  portion  of  the 
thermod  reaches  the  value  set  on  scale  NT,  the  bridge  is  balanced  ar.d 
signal  delivery  to  the  amplifier  ceases.  When  there  is  no  signal  at  the 
amplifier  input,  relay  K,  switches  the  rectifier  off.  Thus  the  circuit 

shown  permits  automatic  temperature  maintenance  of  the  operating  part  of 
the  thermod  at  any  previously  set  level  with  an  accuracy  of  10.1°. 

The  temperacure  stability  of  the  water  employed  for  heat  removal  has 
a  significant  influence  on  the  accuracy  of  temperature  maintenance. 
Temperature  stabilization  of  the  water  entering  the  device  is  accomplished 
In  means  of  the  contacts  of  thermometer  KT,  which  through  relay  Kj  connect 

or  disconnect  the  electrical  supply  to  electrical  heater  II. 

Test  of  the  device  revealed  its  high  operating  qulaities.  It 
provides  a  constant  measure  of  thermostimulation  in  the  possibility  of 
rapid  change  (in  1  or  2  minutes)  from  the  cooling  to  the  heating  mode, 
which  permits  the  device  to  be  employed  in  experiments  with  frequent 
alternations  in  thermostimulation.  An  overall  view  of  the  thermoelectric 
device  for  thermostimulation  is  shown  in  Figure  95. 
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Figure  95.  An  overall  view  of  the  device  for 
thermostimulation  --  the  thermod. 


§3 .  A  Microrefrigerator  for  the  Treatment  of  Skin  Diseases 

Some  skin  diseases  may  be  successfully  treated  by  means  of  local 
cooling.  If  the  temperature  of  the  affected  portion  of  the  skin  is 
reduced  by  8-10°  below  body  temperature,  a  number  of  substances  required 
by  the  cooled  skin  segment  is  reduced,  as  the  result  of  which  recovery 
occurs  in  a  short  period  of  time, 

Depending  on  the  type  of  disease  and  the  general  condition  of  the 
patient,  the  cold  application  time  on  the  affected  skin  segment  may 
extend  from  several  weeks  to  several  months.  Naturally  a  cooling  device 
for  the  purpose  indicated  must  have  insignificant  weight  and  dimensions, 
must  be  fully  automatic,  must  not  hamper  the  patient,  and  must  permit 
operation  during  non-stationary  treatment  conditions. 

The  design  of  a  microrefrigerator  intended  for  the  purpose  indicated 
is  shown  in  figure  06.  The  single-stage  thermoelectric  pile  of  the  device 
contains  12  thermoelements  1.  The  hot  junctions  of  the  thermoelements , 
through  electrically  insulating  connecting  plates  2,  are  soldered  to  the 
heat  removal  system  3,  which  is  constructed  of  aluminum  in  order  to  reduce 
the  weight.  The  system  of  radiator  plates  4  serves  to  remove  heat  from 
the  thermopile  by  means  of  natural  convection  to  the  surrounding  air. 

The  collector  6  of  the  cold  junctions,  which  is  the  operating  surface  of 
the  device,  is  soldered  to  the  cold  junctions  of  the  thermopile  through 
electrically  insulating  plates  5.  Ring  7  of  decorative  plastic  protects 
the  thermopile  from  external  mechanical  disturbances  and  gives  the 
device  a  finished  appearance.  The  power  supply  is  connected  to  the 
microrefrigerator  by  means  of  two  terminals  8. 
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Figure  96.  A  section  of  a 
mi croref r i ge ra tor  for  the 
treatment  of  skin  diseases. 


Special  straps  servo  to  attach  the  device  over  the  affected  skin 
area  of  the  arm  or  log.  In  cases  when  a  temperature  reduction  on  another 
part  of  the  body  is  required,  the  design  of  the  device  is  somewhat 
different.  This  difference  mainly  pertains  to  the  system  of  heat  transfer 
to  the  thermopile  and  the  method  of  attaching  the  device  to  the  body.  One 
possible  design  variation  in  the  heat  transfer  system  may  tie  a  system  of 
two  flexible  copper  or  aluminum  strips,  which  are  attached  by  means  of  a 
bandage  to  a  nearby  healthy  area  of  the  skin.  In  this  case  heat  transfer 
from  the  thermopile  will  be  accompl islied  directly  to  the  body,  which  has 
a  relatively  constant  temperatue. 

The  electrical  parameters  of  the  power  supply  for  the  thermoelectric 
pile  microrefrigerator  arc  chosen  so  that  the  required  refrigerating 
capacity  is  obtained  with  a  minimum  of  current  requirement.  In  addition, 
the  method  of  supplying  electrical  energy  to  the  device  must  agree  with 
existing  independent  power  supplies.  Silver-cinc  storage  batteries, 
which  have  small  dimensions  and  are  low  in  weight,  possess  high  capacity 
and  may  be  used  as  power  supplies.  Since  the  treatment  process  of  the 
skin  diseases  with  local  cooling  cooling  may  continue  for  an  extended 
period  of  time,  it  is  necessary  to  have  two  storage  batteries,  each  of 
which  may  be  recharged  alternately. 

Naturally,  the  device  described  may  be  supplied  also  from  fixed 
power  supplies,  i.e.,  rectifiers,  and  only  temporarily  switched  to  a 
storage  battery  supply. 

Figure  97  shows  an  overall  view  of  the  device  Ithe  design  version 
for  arm  treatments) . 
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Figure  97-  An  overall  view  of  a 
refrigerating  device  for  the 
treatment  of  skin  diseases. 


The  following  are  the  basic  technical  characteristics  of  the  device. 


Operating  current  3  a 

Operating  voltage  0.4  v 

Power  requirement  1.2  w 

Sice  of  the  operating  surface:  diameter  SO  mm 

Dimensions:  diameter  80  mm 

height  47  mm 

Weight  of  the  device  360  g 

Weight  of  the  device  with  the  storage  battery  1180  g 


Hicrotomic  Stages  with  Thermoelectric  Cooling 

The  method  of. microtomy  is  widely  employed  in  histologic,  patho- 
anatomical  and  cytologic  practic  in  rder  to  obtain  extremely  thin 
sections  of  biological  tissue.  In  o*der  to  obtain  a  high-quality  section, 
the  tissue  must  be  cooled  in  advance;  the  degree  of  cooling  is  determined 
by  the  type  of  the  tissue  under  investigation . 

In  widely  employed  freezing  microtomes,  cooling  of  the  tissue  block 
is  accomplished  by  means  of  throttling  liquid  carbon  dioxide.  In  this 
connection  the  microtome  stage  must  be  connected  with  a  carbon  dioxide 
tank.  This  method  of  cooling  the  tissue  befoie  microtomy  has  a  number  of 
essential  shortcomings;  the  basic  ones  are  described  below: 
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1)  the  impossibility  of  controlling  the  amount  of  cooling,  which 
in  a  number  of  cases  leads  to  overcooling  and  tissue  destruction; 

2)  the  relative  scarcity  and  high  cost  of  liquid  carbon  dioxide, 
which  limits  the  application  of  tissue  microtomy  in  rayon  and  country 
clinics,  in  the  practice  of  forensic  medicine  and  under  field  conditions; 

3)  the  high  rate  of  consumption  of  carbon  dioxide  (one  tank  is 
sufficient  for  4-6  hours  of  operation) ; 

4)  difficulties  involved  in  the  transportation  of  carbon  dioxide 
tanks  (one  tank  weighs  approximately  100  kg). 

The  development  of  thermoelectric  cooling  technology  has  permitted 
the  creation  of  several  designs  for  freezing  microtome  stages,  free  from 
the  shortcomings  listed  above. 

The  first  design  version  of  a  thercelectric  microtome  stage  is  shown 
in  Figure  98.  Theroelectric  (  i 1 e  1  consists  of  four  thermoelements, 
mounted  on  the  hot-connecting  copper  plate  2.  The  configuration  and 
geometry  of  these  plates  are  chosen  in  agreement  with  the  connection  system 
and  the  requirement  for  maximum  heat  transfer  from  them  to  the  radiator. 

The  upper  connecting  plates  3  of  the  thermopile  form  the  operating  surface 
of  the  stage,  on  which  the  block  of  tissue  which  is  subject  to  cooling  is 
placed.  The  system  of  hot  and  cold  connecting  piates,  with  the  semicon¬ 
ductors,  is  filled  with  epoxy  resin.  The  thermoelectric  pile  is  cemented 
to  the  base  4  of  the  stage,  which  is  manufactured  of  aluminum  and  equipped 
with  a  system  of  air  radiators  5. 
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Figure  98.  A  microtome  stage  with 
natural  convection  heat  removal. 


/• 
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The  base  of  the  stage  is  coated  by  electrochemical  means  with  a 
thin  aluminum  oxide  layer,  which  provides  good  thermocontact  between  the 
thermopile  and  the  stage  and  is  also  an  electrical  insulator  which  excludes 
contact  between  the  hot  connecting  plates  of  the  thermopile. 

The  measurement  of  parasitic  temperature  differences  on  the  electri¬ 
cally  insulated  aluminum  oxide  layer  revealed  that  at  heat  flows  appropriate 
to  operating  conditions  of  the  thermopile,  they  did  not  exceed  2-3°.  The 
electrical  supply  to  the  thermopile  stage  is  accomplished  by  means  of 
two  current  conductors  6,  which  are  connected  to  the  connecting  plates  of 
the  thermopile  and  to  the  terminal  bloo.  7.  The  total  area  of  the  radiator 
plates  of  the  stage  is  500  cin2. 

With  natural  convection  heat  exchange  with  the  surrounding  air,  a 
radiator  of  this  area  may  provide  a  temperature  on  the  hot  junctions  of 
the  thermopile  of  25°  (with  a  surrounding  air  temperature  of  20°)  .  With 
a  temperature  difference  developed  by  the  thermopile  of  30°,  the  operating 
surface  of  the  stage  may  be  provided  with  a  temperature  of  -S°.  However 
at  higher  surrounding  air  temperatures,  the  stage  is  not  provided  with 
the  required  operating  temperature. 

In  this  connection  another  microtome  stage  design  was  developed  with 
thermoelectric  cooling,  equipped  with  a  combined  air-liquid  system  of 
heat  removal.  This  design  differs  from  the  design  described  above  in  that 
a  H-shaped  channel  for  the  passage  of  water  was  made  in  the  aluminum  plate 
of  the  stage  base.  Water  input  and  output  is  accomplished  through  two 
nipples.  In  this  case,  when  the  surrounding  air  temperature  does  not 
exceed  20°,  heat  removal  from  the  stage  is  accomplished  by  means  of  air 
radiators.  When  the  temperature  of  the  surrounding  air  exceeds  20°, 
which  occurs  in  Southern  areas  of  the  country,  a  water  supply  must  be 
connected  to  the  stage. 

In  the  microtome  stage  designs  described,  the  operating  surface, 
which  is  formed  by  the  cold  connecting  plates  of  the  thermopile,  equalled 
240  mm2,  which  completely  satisfies  the  requirements  of  histologic  and 
cytologic  practice.  However)  sections  of  a  large  area  are  often  required 
in  patho-anatomical  investigations.  For  these  purposes  a  microtome  stage 
was  designed  with  a  cooled  operating  surface  of  1600  mm2  (40  *  40  mm). 

In  this  design  (Figure  99),  the  thermoelectric  pile  consists  of 
five  thermoelements  1;  heat  removal  from  these  is  accomplished  by  means 
of  running  water.  Water  input  and  output  is  accomplished  through  nipples 
2.  The  hot  connecting  plates  3  of  the  thermopile  are  constructed  of  brass 
and  have  internal  channels  for  the  passage  of  water.  Cold-connecting 
plates  4  form  the  operating  surface  of  the  stage.  Pin  S,  which  passes 
through  base  6,  serves  to  attach  the  stage  to  the  microtome.  The 
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thermopile  is  mounted  on  the  base.  All  elements  of  the  stage  are  filled 
with  epoxy  resin  7.  The  electrical  supply  to  the  stage  is  accomplished 
by  means  of  two  terminals  8,  which  are  attached  to  the  cooling  water 
nipples . 


Figure  99.  A  section  of  a  large-area  microtome  stage 
with  liquid  heat  removal. 


All  of  these  microtome  stage  design  variations  with  thermoelectric 
cooling  have  mounting  areas  compatible  with  microtomes  produced  by  industry. 

As  a  result,  a  stage  can  be  installed  on  a  microtome  in  1-2  minutes. 

Regulation  of  the  degree  of  cooling  of  a  block  of  tissue  placed  on 
the  microtome  stage  is  accomplished  within  wide  limits  by  changing  the 
value  of  the  current  fed  to  the  stage.  During  stage  tests,  sections  of 
brain  tissue  4-6  u  in  thickness  were  obtained  in  1-3  minutes. 

Figure  100  represents  a  thermoelectric  microtome  stage  with  liquid 
heat  removal,  installed  on  a  microtome. 

The  basic  technical  characteristics  for  the  stages  described  are 
shown  in  Table  21 . 

§5.  A  Cooler  for  Plastic  Surgery 

In  the  conduct  of  plastic  surgical  operations,  especially  in  the 
area  of  the  face,  cases  involving  the  atrophy  of  a  block  of  transplanted 
tissue  often  occur.  The  reason  for  this  is  an  insufficient  quantity  of 
blood  to  supply  the  transplanted  tissue  from  the  patients  organism.  As 
a  rule,  in  the.  conduct  of  plastic  surgical  operations  in  the  area  of  the 
fact,  intermediate  adaptation  of  the  transplanted  block  of  tissue  is 
accomplished  in  the  shoulder  area  of  the  arm. 

\ 

j 

1 
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Figure  100.  An  Industrially-produced  version 
of  a  microtome  stage,  Installed  on  a 
microtome.  The  rectifier  which  supplies 
the  stage  is  shown  in  the  background. 


In  order  to  prevent  atrophy  of  the  transplanted  block  of  tissue,  it 
is  necessary  to  reduce  the  tissue  requirement  for  nourishing  substances 
(blood).  This  is  accomplished  by  cooling  the  block  to  a  temperature  of 
15-25°,  i.e.,  by  20-15°  lower  than  normal  body  temperature.  When  we 
consider  that  the  cold  effect  must  continue  uninterruptedly  for  an  extended 
period  of  time  (from  several  weeks  to  several  months) ,  it  becomes 
apparent  that  the  employment  of  earlier  known  methods  of  cooling  and, 
in  particular,  periodically  acting  cold  producing  agents  are  not  suitable 
for  the  purpose  indicated.  In  addition,  it  is  extremely  desirable  that 
the  patient  not  be  confined  to  his  bed  for  the  duration  of  the  treatment, 
but  have  the  capability  of  independent  movement. 
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Table  21 


Basic  Data  for  Microtome  Stages  with  Thermoelectric  Cooling 


Parameter 


Operating  area 
Maximum  cool  I ng 
Optjmum  current, 


mnr 


tage,  v 
ment ,  w 


re 


I  Type  of  Stage 

1  W 1 th  ai  r'wi  th  air-  W! th  liquid 
heat  liquid  heat  heat 


Optimum  vo I 
Power  requl 
Time  required  to  establish 
minimum  temperature ml n 
Water  consumption,  1/ min 
Dtmens ions ,  mm 
Weight,  g 


removal  • 

removal 

removal 

2'.o 

2*0 

Hit  0 

—7  to— 5° 

-10  tCu-5° 

—  30° 

1 1! 

U 

30 

0.3 

o.:s 

O.-i 

3.0 

3.0 

13 

3 

3 

2 

— 

o.r, 

0.5 

i!0X“2X«'* 

15X72X34 

/l),  1 1  —  , 

fi5u 

450 

a-#io 

A  miniature  thermoelectric  refrigerator  which  has  been  designed  for 
the  purpose  described  satisfies  all  of  the  conditions  listed  above. 

Small  in  size  and  of  insignificant  weight,  the  refrigerator  may  be 
employed  directly  on  the  face  of  the  patient  while  not  causing  him  any 
particular  discomfort.  The  cooling  surfaces  are  formed  of  sheet  lead, 
which  permits  them  to  be  easily  shaped  to  fit  most  conveniently  the  block 
of  transplanted  tissue  subject  to  cooling. 

The  current  supply  of  the  refrigerator  is  accomplished  by  means  of 
a  special  rectifier,  which  is  connected  with  the  refrigerator  by  means 
of  a  long  combined  current  and  water  supply  conductor.  Such  a  connection 
system  of  the  refrigerator  with  the  power  supply  and  the  heat  removal 
water  system  does  not  tie  the  patient  down,  but  provides  him  with  suffi¬ 
cient  freedom  of  movement.  Regulation  of  the  degree  of  cooling  is 
provided  by  changing  the  value  of  the  refrigerator  supply  current.  When 
necessary,  sustaining  or  changing  the  temperature  of  the  refrigerator  may 
be  accomplished  in  accordance  with  any  established  schedule;  for  this 
purpose  a  simple  programming  device  must  be  connected  to  the  input  of  the 
rectifier. 

A  section  of  the  thermoelectric  refrigerator  for  plastic  surgical 
operations  is  shown  in  Figure  101. 
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Figure  101.  Section  of  a  Refrigerator  for 
plastic  surgery. 


Two  red-copper  polycylinders  1  and  2,  which  have  channels  3  for 
water,  form  the  base  of  the  device.  Two  semiconductors  4  and  S  are 
soldered  to  the  base.  The  polycylinders  are  insulated  from  each  other 
by  textolite  washer  6  and  are  filled  in  with  white  decorative  epoxy  resin 
7.  As  a  result,  a  single,  structurally  finished  sub-assembly  is  formed. 
Red-copper  disc  15,  22  mm  in  diameter,  which  is  the  collector  of  the  cold 
junction,  is  connected  above  the  thermoelement..  To  make  the  device  as 
universal  in  application  as  possible,  the  cooling  surfaces  sub-assembly 
is  replaceable,  and,  as  has  been  pointed  out  above,  is  made  of  lead. 
Thermal  contact  between  the  cold  junction  of  the  thermoelement  and  the 
cooling  surfaces  sub-assembly  is  accomplished  by  means  of  tight  pressure 
on  the  latter  through  the -use  of  plastic  sleeve  and  nut  10  of  part  8. 

Lead  surfaces  9  are  soldered  to  part  8.  The  electrical  supply  to  the 
thermoelement  is  accomplished  through  two  current-carrying  busbars  11  and 
12,  which  are  enclosed  in  rubber  hose  13,  through  which  water  flows 
simultaneously  in  order  to  remove  heat  from  the  hot  junctions  of  the 
thermoelement.  Duralumin  ring  14  serves  to  attach  the  refrigerator  to 
the  patient  by  means  of  straps  or  bandages. 

Specifications  of  the  refrigerator  are  shown  below. 

Operating  current  (at  which  cooling  of  a  block 

of  tissue  from  10  to  15°  is  achieved)  40  a 

Voltage  drop  0.05  v 

Direct  current  power  requirement  of  the 

refrigerator  2  w 
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Power  requirement  from  the  alternating  100  w 
current  supply 

Length  of  the  hoses  connecting  the  device  with 

the  power  supply  up  to  2  m 

Refrigerator  weight  with  cooling-surfaces  200  g 

Device  dimensions  (without  the  cooling-surface 

sub-assembly) :  diameter  40  mm 

height  25  mm 


An  overall  view  of  the  refrigerator  is  shown  in  figure  102. 


Figure 


102.  An  overall  view  of  a  refrigerator 
for  plast ic  surgery. 
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CHAPTER  XIII.  Thermoelectric  Devices  for  Radioelectrcnics 


Si.  A  Mi crothermosteted  Device  for  Radloelectronlc  Devices 

Contemporary  radioelectronic  equipment  employs  a  number  of  elements, 
in  which  operational  stability  depends  to  a  large  extent  on  temperature. 
These  elements  include  germanium  crystal  diodes  and  triodes,  frequency 
stabilization  crystals,  photoconductive  cells,  several  special  high- 
stability  resisters,  capacitors,  etc. 

In  agreement  with  contemporary  operating  requirements  established 
for  these  devices,  the  external  temperature  may  change  within  the  range 
of  -60  to  +60°.  In  addition,  the  requirement  to  develop  compact  radio- 
electronic  apparatus  leads  to  a  quite  significant  increase  in  the 
temperature  inside  separate  sections,  which  occasionally  reaches  100° 
and  higher. 

The  widespread  application  of  radioelectronic  devices  in  contemporary 
technology  demands  maximum  reliability  under  various  operating  conditions. 

The  elements  listed  above,  under  the  influence  of  such  significant 
temperature  differences,  begin  to  display  operational  instability,  which 
in  the  final  analysis  leads  to  failure  of  the  entire  apparatus.  To  a 
great  extent  this  pertains  to  germanium  diodes  and  triodes  which  have 
temperatures  exceeding  40-50°  begin  to  display  unstable  operation. 

The  usual  methods  of  temperature  reduction  include  the  use  of 
compressor  or  absorption  refrigerating  machines,  the  application  of 
cooling  mixtures  (liquid  nitrogen,  solid  carbon  dioxide,  ice.lmay  not 
be  employed  for  the  purpose  indicated  due  to  a  number  of  operating 
inconveniences.  Thus,  for  example,  the  application  of  refrigerating 
machines  operating  on  the  compressor  or  the  absorption  principle  is 
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advantageous  only  for  temperature  reduction  in  comparatively  large  spaces 
involving  the  release  within  these  spaces  of  heat  output  calculated  in 
dozens  or  hundreds  of  watts.  In  this  case  the  refrigerator  operates  with 
a  higi  coefficient  of  performance.  During  operations  with  a  refrigerator 
with  a  refrigerating  capacity  of  less  than  20  w,  its  coefficient  of 
performance  falls  to  10-20°., 

In  addition  to  purely  heat  engineering  considerations,  the  employment 
of  refrigerators  for  temperature  reduction  in  small  spaces  is  not 
advantageous  for  the  reason  that  even  the  most  compact  machine  occupies 
a  relatively  large  space,  has  a  weight  of  not  less  than  30  kg,  and  requires 
a  significant  expenditure  of  electrical  energy  to  supply  it.  The  appli¬ 
cation  of  various  cooling  methods  for  the  purposes  indicated  requires 
periodic  refilling,  which  is  not  permissible  under  operating  conditions. 

The  thermoelectric  method  of  cooling  permits  reducing  temperatures  in 
a  small  volume  with  a  device  of  insignificant  dimensions  and  weight.  When 
required  the  temperature  provided  by  a  thermoelectric  cooling  device  may 
be  stabilized  at  the  required  with  a  great  degree  of  accuracy,  by  means 
of  a  special  circuit.  Thus  ,  for  example,  a  thermoelectric  microthermostat 
system  sustains  the  temperature  of  the  articles  inside  the  system  at  a 
level  of  30  t  0.1°  with  an  external  temperature  change  of  -SO  to  +70°. 

Thermoelectric  cooling  devices  operate  most  effectively  when  low 
heat  outputs  are  released  within  the  cooled  volume.  Practical  designs 
of  thermostat  systems  are  capable  of  providing  the  calculated  temperature 
difference  with  heat  loads  not  exceeding  5-10  w.  Mien  large  heat  loads 
are  released  in  the  cooled  volume,  the  cooling  effectiveness  is  reduced. 

Depending  on  specific  conditions,  applicable  thermoelectric  micro¬ 
refrigerators  may  be  produced  in  various  design  versions.  Shown  below  is 
a  description  of  the  design  of  one  type  of  thermoelectric  microrefrigerator, 
intended  for  the  reduction  of  the  operating  temperature  of  germanium 
triodes  and  for  crystal  frequency  stabilization. 

The  operating  volume  of  the  refrigerator  (Figure  103)  is  an  aluminum 
sleeve  1,  which  is  in  good  thermocontact  with  cold  junctions  2  of  the 
thermoelectric  pile.  In  order  to  exclude  electrical  contact  between  the 
cylinder  and  the  pile,  the  end  surface  of  the  aluminum  shell  is  coated  by 
electrochemical  means  with  a  thin  aluminum  oxide  layer,  which  provides 
good  heat  conductivity  and  high  resistance. 

In  order  to  reduce  heat  flow  from  outside,  shell  1  is  protected  by 
a  layer  of  thermoinsulation  consisting  of  foam  plastic  3,  External 
shell  4  surrounds  the  microrefrigerator  on  the  outside.  In  order  to 
connect  articles  into  the  circuit  which  are  located  inside  the  thermostat 
system,  feed-through  glass  insulators  6  are  situated  on  removable  cover  5. 
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Heat  removal  from  the  hot  sides  of  the  thermopile  is  accomplished  through 
aluminum  plate  7,  which  is  coated  with  aluminum  oxide  on  one  side.  During 
construction  of  the  thermostat  system,  the  plate  is  tightly  pressed  to 
the  frame  of  the  device.  The  thermoelectric  pile  of  the  thermostat 
system  consists  of  18  scr i es-connectcd  thermoelements,  which  are  filled 
with  epoxy  resin  and  form  a  single  sub-assembly. 


5 


Figure  103-  A  section  of  a 
microthermostat  system  for 
radi oelect ron i c  devices. 


The  basic  parameters  of  the  microthermostat  system  described  are 
as  follows: 


Supply  current  8  a 

Voltage  1 . 2  v 

Maximum  temperature  difference: 

at  an  ambient  temperature  of  20°  30° 

at  an  ambient  temperature  of  50°  40° 

Dimensions:  height  120  mm 

diameter  65  mm 

useful  volume  75  cm3 

Weight  390  g 
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Figure  104  shows  an  overall  view  of  the  microthemostat  system 
described . 


-*V„ 
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Figure  104.  An  overall  view  of  a  microthermostat 
system  for  radioelectronic  devices. 


In  the  design  formulation  shown,  microthermostat  systems  with  a 
useful  volume  form  2S  to  300  cm3  were  developed.  As  we  have  pointed  out 
previously,  the  refrigerating  capacity  of  thermoelectric  microrefrigerators 
is  not  great.  In  this  connection  a  combination  of  devices  must  be 
accomplished  in  such  a  maimer  that  only  the  element  requiring  thermo¬ 
static  control  be  placed  within  the  microthermostat  system.  The  heat 
output  of  the  device  must  not  exceed  the  indicated  value. 

In  a  number  of  cases  it  is  necessary  not  only  to  reduce  the 
temperature  of  part  of  a  radioelectronic  device  but  also  to  stabilite 
it  at  a  required  level.  This  problem  may  be  resolved  by  various  methods, 
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based  on  the  application  of  1)  liquid  thermoregulators,  2)  contact 
thermometers,  3)  bimetallic  thermoregulators,  4)  thermocouples  and 
thermistor  electronic  regulators. 

The  first  three  temperature  stabilization  methods  cannot  be  recom¬ 
mended  for  thermoelectric  cooling  devices  due  to  insufficient  sensitivity 
with  respect  to  the  large  dimensions  and  significant  inertia  of  the 
sensors.  Thus,  for  example,  the  accuracy  of  the  temperature  maintained 
by  a  bi-metallic  sensor  equals  3-5°,  which  in  a  number  of  cases  is 
insufficient. 

The  fourth  method  is  the  most  widely  employed  or.e  for  the  purpose 
indicated,  in  which  low-inertia  thermocouples  or  thermistors  are  used  as 
sensors.  This  method,  in  conjunction  with  a  comparatively  simple  elec¬ 
tronic  circuit,  permits  maintaining  the  temperature  in  a  thermostatically 
controlled  volume  with  an  accuracy  of  ±0.1°  and  above.  One  possible 
electronic  temperature  regulation  circuit  is  shown  in  Figure  105.  The 
temperature  sensors  are  two  microthermistors,  which  are  connected  in  a 
bridge  circuit;  the  unbalance  signal  is  amplified  by  a  sub-miniature 
tube  amplifier  and  is  applied  to  a  relay  which  changes  the  direction  of 
the  current  supply  to  the  thermoelectric  pile,  and  thereby  switches  it 
from  the  cooling  to  the  heating  mode.  The  overall  dimensions  of  such 
an  electronic  temperature  stabilizer  are  100  *  100  *  50  mm. 


Figure  105.  The  principal  circuit  of  an 
electronic  temperature  stabilizer. 
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The  electronic  stabilizer  constructed  in  accordance  with  the 
circuit  shown  maintains  the  temperature  in  the  operating  volume  of  the 
thermoelectric  microrefrigerator  with  an  accuracy  of  0.1°.  A  further 
reduction  in  the  site  and  weight  of  the  stabilizer  is  possible  by  replacing 
the  electron  tubes  with  semiconductor  triodes  and  by  using  a  magnetic 
amplifier. 

$2.  A  Thermoelectric  U I t rathe rmos tat  System 

Temperature  stabilization  with  a  high  degree  of  accuracy  is  often 
required  in  contemporary  radioelectronics,  and  also  in  laboratory  prac¬ 
tice.  The  parameters  of  existing  ultrathcrnostat-system  designs  do  not 
always  satisfy  practical  requirements.  Thus ,  for  example,  the  most  widely 
employed  gepler  ult rathe rmostat  has  the  following  shortcomings:  the 
electric  motor  creates  interference  and  vibration  in  the  device;  the  water 
employed  as  a  heat-trans fer  agent  causes  corrosion  of  the  internal  parts 
of  the  thermostat,  system;  and  the  contact  thermometer  does  not  provide 
the  required  operational  .'.'liability.  All  these  factors  reduce  the 
operational  capability  o.  the  device. 

The  electronic  ultrathermostat  system  with  thermoelectric  cooling 
is  free  from  the  defects  listed  above.  The  lack  of  moving  parts  and  of 
corrosion  caused  by  t lie  liquid,  the  smoothness  and  continuity  of  regulation 
in  junction  with  a  high  degree  of  temperature  stabilization  -provides  for 
high  operating  qualities  of  the  device  which  permits  it  to  be  used  in 
the  most  demanding  radioelectronic  devices  for  a  temperature  stabilization 
of  Weston  reference  cells,  where  separate  design  elements  and  sub¬ 
assemblies,  and  also  in  laboratory  investigations. 

The  electronic  ultrathermostat  system  maintains  a  constant  temperature 
(20  i  0.01°)  in  a  O-liter  volume  with  an  environmental  temperature  of 
10  to  30°. 

A  stable  temperature  is  established  in  the  thermostat  system  chamber 
containing  no  thermostatically  controlled  bodies  in  the  course  of  not 
more  than  10  minutes.  If  two  normal  Weston  cells  are  placed  in  the 
chamber,  a  stable  temperature  is  established  in  the  chamber  in  two  hours. 

The  thermoelectric  ultrathermostat  system  is  supplied  from  the  alter¬ 
nating  current  network  of  220  v  with  a  power  consumption  of  100  w. 

The  operating  principle  of  the  u 1 t rathe rmos ta t  system. 

The  electronic  u3 t rathe rmos tat  system,  which  is  shown  in  block  diagram 
in  Figure  106,  is  a  closed  system  of  automatic  temperature  regulation.  It 
consists  cf  regulating  objects  (the  thermostat),  the  sensitive  element  and 
the  electron  regulator.  The  electron  regulator  consists  of  an  amplifier 
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with  a  vibrator  power  pack  at  the  input  and  an  action  element  (a  power 
amplifier) . 


£nvi ronmental 
effects 


Sens i t I ve 
element 


f 

Amp  1 i f i er  with 
vibrator  converter 
i 


Figure  106.  A  block  diagram  of 

a  thermoelectric  ultrathermostat 
system. 


A  bridge  is  employed  as  a  sensitive  element  to  sense  the  temperature 
change  in  the  thermostat  system  chamber.  The  bridge  is  formed  of  two 
MMT-1  thermoresistors  connected  in  series  in  opposite  arms  of  the  bridge, 
and  two  manganin  resistors  which  are  connected  in  the  two  remaining  arms 
of  the  bridge.  The  series  connection  of  the  thermoresistors  is  for  the 
pui-pos.-  of  reducing  the  power  dissipated  on  each  resistor  to  a  value 
below  the  permissible  limit  (0.01  w  with  a  power  limit  of  0.05  w) . 

The  bridge  is  supplied  from  a  battery  consisting  of  ol-KSU-3  cells 
with  a  total  voltage  of  9v,  and  is  balanced  at  a  temperature  of  21°. 

Bridge  unbalance  occurs  when  the  temperature  changes  in  the  thermostat 
system  chamber.  The  unbalance  signal  is  applied  to  the  input  of  the 
amplifier  and  after  conversion  by  the  VUS.3  vibrator  converter  into  an 
alternating  current  signal  with  a  frequency  of  50  Hz  is  amplified  by  the 
first  two  stages  of  the  amplifier,  which  is  equipped  with  6  Zh  8  tubes. 

The  amplified  alternating  voltage  is  detected  at  the  second  contact  of 
the  vibrator  converter.  The  dc  amplifier  is  equipped  with  6  N  9C  electron 
tubes  in  a  cathode  compensated  circuit.  The  signal  obtained  at  the  output 
of  the  amplifier  is  applied  to  the  power  amplifier  (which  is  a  cathode- 
coupled  stage  equipped  with  6  P  3  C  electron  tubes)  which  feeds  the 
preheater  of  the  thermostat  system  chamber.  The  phase  of  the  control 
signal  is  such  that  the  system  continuously  balances  the  bridge  unbalance 
signal.  Indicator  kicks  of  the  galvanometers  of  the  measuring  circuits 
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which  are  observed  when  thermostats  operating  on  the  principal  of 
t  positional  regulation  are  employed,  are  eliminated  due  to  continuous 

regulation  in  this  device. 

Cooling  of  the  operating  chamber  is  required  for  normal  operation 
t  of  the  thermostat  system.  In  che  ultrathermostat  system  described, 

:  thermoelectric  cooling  is  employed  which  eliminates  the  inconveniences 

-  associated  with  the  use  of  temporarily  effective  cooling  agents.  The  semi¬ 

conductor  thermopile  is  supplied  from  a  separate  non-regulated  rectifier, 
situated  in  the  electronic  regulator  section,  with  an  output  of  3  v  and 
an  operating  current  of  4  a.  The  temperature  within  the  cold  chamber  is 
reduced  12°  below  the  temperature  of  the  surrounding  medium.  The  maximum 
permissible  current  through  the  thermopile  is  8  a.  Heat  removal  from 
.  the  hot  junctions  of  the  thermopile  is  accomplished  with  a  system  of  air 

radiators  which  are  distributed  in  a  fan-shaped  manner  around  the  lower 
part  of  the  thermostat  system. 

Construction  of  the  ul trathermostat  system. 

Construction  of  the  ultrathermostat  system  has  been  accomplished  in 
the  form  of  two  separate  sections:  the  thermostat  system  and  the  elec¬ 
tronic  regulator,  which  are  interconnected  by  a  cable  with  plug-in  socket 
connections. 

The  thermostat  system  section  consists  of  two  parts:  the  refrigera¬ 
tor  and  the  thermostat  system  chamber.  The  thermoelectrical  part  of 
the  device  is  a  thermally-insulated  cylindrical  chamber  with  a  volume  of 
22  liters.  The  thermoelectric  pile,  consisting  of  72  series-connected 
thermoelements,  is  mounted  on  a  textolite  ring  in  the  lower  part  of  the 
chamber.  The  hot  junctions  of  the  thermopile  are  equipped  with  a  system 
of  radiators  which  provide  for  sufficient  heat  removal  to  the  surrounding 
air.  The  refrigerator  chamber  is  thermally  insulated  with  foam  plastic 
with  a  thickness  of  50  mm. 

The  cold  junctions  of  the  thermoelement  are  equipped  with  a  system 
of  red-copper  plates,  which  are  distributed  vertically  along  the  entire 
inner  side  surface  of  the  operating  chamber,  which  facilitates  adequate 
heat  transfer  between  the  thermopile  and  the  air  inside  the  chamber.  An 
aperture  is  provided  in  the  top  of  the  chamber,  which  is  covered  by  a 
plug  of  foam  plastic,  for  the  entry  of  the  wires  from  the  thermostatically 
cooled  objects  and  the  sensors  of  the  temperature  stabilization  control 
circuit.  The  thermosensitive  element  --  the  bridge  with  the  thermoresistors 
--  are  situated  close  to  the  sides  of  the  chamber.  A  three-section 
;  preheater  winding  is  situated  on  the  outside  surface  of  the  thermostat 

system  chamber.  The  output  of  the  preheater  may  vary  up  to  15  w,  which 
in  conjunction  with  continuous  chamber  cooling  permits  temperature 
stabilization  without  changing  the  sensor  adjustment. 

,  f 
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The  electronic  regulator  is  constructed  as  a  separate  section.  The 
following  are  situated  in  this  section.  A  regulated  source  of  anode 
voltage  of  250  v,  with  a  current  of  5  ma;  a  non-regulated  power  amplifier 
power  supply  with  a  voltage  of  350  \  and  a  current  of  100  ma;  a  non- 
regulated  thermopile  power  supply  with  a  voltage  of  3  v  and  a  current  of 
4  a;  and  the  battery  supply  for  the  thermosensitive  bridge. 

The  temperature  measurement  circuit. 

Figure  107  shows  a  schematic  of  the  temperature  measurement  section 
within  the  thermostat  system  chamber.  Within  the  chamber  are  located  the 
standard  Weston  III  cell  of  the  ML  class,  a  copper  resistance  thermometer 
7S  and  reference  coil  OkS-2.  The  resistance  thermometer,  reference  coil 
and  the  KNS-6  resistance  box  are  connected  in  series  in  the  battery 
circuit  with  a  voltage  of  1.5  v. 

Temperature  change  within  the  chamber  is  measured  by  the  indirect 
method,  by  measuring  with  the  PPTN-1  potentiometer  the  change  in  voltage 
on  the  resistance  thermometer,  with  a  constant  voltage  on  the  reference 
coil.  When  the  measurement  is  initiated,  the  voltage  on  the  resistance 
thermometer  and  the  reference  coil  is  established  at  18  mv.  During 
subsequent  measurements,  the  vcltage  on  the  reference  ceil  is  controlled 
by  the  PPTN-1  potentiometer  with  an  error  of  fi.0001  mv. 
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Figure  107-  A  schematic  of  the 
temperature  measuring  section 
of  the  ultrathermostat  system. 


The  F-16  photo-compensated  amplifier  with  a  sensitivity  of  2  uv  on 
the  scale  is  used  as  an  indicator.  When  required,  this  voltage  is 
adjusted  by  means  of  the  KMS-6  resistance  box.  The  connection  of  the 
PPTN-1  potentiometer  with  the  OKS-2  reference  coil  and  resistance 
thermometer  IS  is  'lished  by  means  of  oil  switch  MP. 
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With  a  constant  voltage  on  the  reference  coil,  the  voltage  change 
on  the  resistance  thermometer  is  accomplished  mainly  by  a  temperature 
change  in  the  thermostat  system  chamber.  The  temperature  change  with 
respect  to  the  voltage  change  on  the  resistance  thermometer  is  defined 
by  the  equation 

A  7  K  A 1  » 


where  AT  is  the  temperature  change  within  the  chamber;  K  is  a  proportional 
coefficient,  equal  to  IS  in  the  case  examined;  AV^.,  is  the  voltage  change 

on  the  resistance  thermometer. 

A  graph  of  temperature  change  with  time  in  the  operating  chamber, 
plotted  on  the  basis  of  experimental  data,  is  shown  in  Figure  108. 


Figure  108.  Temperature  change 
with  time  in  the  operating 
chamber  of  a  thermoelectric 
ultrathermostat  system. 


§3.  A  Thermoelectric  Cooler  for  a  Parametric  Emplifier 


The  noise  coefficient  of  a  parametric  amplifier  is  defined  by  the 
so-called  noise  temperature  of  the  diode  employed  in  the  amplifier  and 
the  resonator  system  noise.  The  noise  temperature  of  the  resonator,  as 
a  rule,  does  not  exceed  10.  of  the  total  amplifier  noise  level.  Thus  the 
basic  source  of  noise  in  a  parametric  amplifier  is  the  diode. 


Figure  109  shows  the  dependence  of  the  effective  noise  temperature 
O',,  ,.rr)  of  a  parametric  amplifier  on  temperature  (t).  Curve  1  pertains 

to  a  diode  manufactured  of  germanium  with  an  impurity  concentration  of  10ig 
curve  2  pertains  to  a  diode  of  silicon  with  an  impurity  concentration  of 
1020.  From  the  curve  shown  it  is  obvious  that  the  noise  tempt  ’  ■"ure  may 
be  reduced  by  reducing  the  diode  temperature.  The  operating  coad’ "ten. 
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of  parametric  amplifiers,  as  a  rule,  do  not  permit  the  employment  for 
doide  cooling  of  compressor  refrigeration  machines  or  periodically  acting 
cold-producing  agents  (liquid  nitrogen,  or  solid  carbon  dioxide).  In 
this  connection  a  model  of  a  thermoelectric  cooler  was  developed  which 
provides  for  doide  cooling  in  a  typical  parametric  system  resonator  to 
-53°. 


T  „  °* 
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Figure  109.  The  dependence  of  the 

effective  noise  temperature 

(T  ce)  of  a  parametric 
n  ,et  t 

amplifier  on  diode  temperature 
<t). 


A  section  of  a  thermoelectric  refrigerator  installed  on  the  wave 
guide  channel  of  a  parametric  amplifier  resonator  is  shown  in  Figure 
110.  The  thermoelectric  pile  which  consists  of  two  stages  1  and  2,  is 
soldered  through  ceramic  heat  junctions  3  to  the  heat  transfer  base, 
which  is  installed  at  the  bottom  of  housing  4.  Heat  removal  from  the 
thermopile  in  a  device  of  this  construction  is  accomplished  by  means  of 
running  water,  which  delivered  through  nipples  5  and  flows  through 
channels  6.  The  cold  junction  collector  of  the  thermoelement  of  second 
stage  7  has  a  calibrated  recess  in  the  upper  part,  in  which  diode  8,  which 
is  subject  to  cooling,  is  placed.  The  upper  lead  of  the  diode  is  con¬ 
nected  through  a  special  clamping  cap  with  thin  conductor  9,  which  is 
soldered  to  feed-through  insulator  10,  Electrical  contacts  between  the 
diode  and  the  resonator  wave  guide  11  is  accomplished  through  two  thin 
washers  12  and  13.  These  washers  retard  heat  flow  from  the  cooled 
diode  to  the  side  of  the  wave  guide.  Diode  temperature  is  measured  by 
MKMT-16  microthermistor  14,  which  is  placed  in  silver  amalgam  in  the 
collector  of  the  cold  junctions  of  the  thermopile  second  stage.  The 
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leads  of  the  thermistor,  for  subsequent  circuit  connection,  are  attnched 
to  terminal  block  15,  which  is  fastened  to  the  housing.  The  thermopile 
current  supply  is  accomplished  from  a  source  of  direct  current,  whichis 
connected  through  current-carrying  busbars  16. 

Thermoinsulation  of  the  thermopile  and  the  diode  in  the  wave  guide 
is  accomplished  by  foam  plastic  17.  The  refrigerator  itself  is  attached 
to  the  wave  guide  channel  of  the  resonator  by  means  of  two  bolts  18. 
Replacement  of  the  diode  is  accomplished  by  removing  the  refrigerator 
from  the  wave  guide. 

The  basic  parameters  of  the  thermoelectric  refrigerator  described 
are  listed  below. 


Operating  current 
Thermopile  voltage  drop 
direct  current  power  requirement 
Diode  temperature  (with  a  heat  removal 
water  system  temperature  of  18°  and  an 
environmental  temperature  of  +20“ ) 

Temperature  difference  providedby  the  device 
Refrigerator  dimensions  (not  including  the 

resonator]  50  * 

Refrigerator  weight  excluding  the  resonator 
Water  consumption  rate  in  the  heat  removal  system 


60  a 
0.5  v 
30  w 


-50° 

68° 

66  *  46  mm 
725  g 
60  If h 


An  overal  view  of  the  thermoelectric  refrigerator  for  a  parametric 
amplifier  is  shown  in  Figure  111. 

§!;.  A  Thermoprobe 


In  the  production  of  transistors  and  in  laboratory  practice  it  is 
necessary  to  have  a  method  of  quickly  determining  the  nature  of  the 
conductivity  of  an  ingot  of  a  silicon  or  germanium,  as  well  as  determining 
the  boundaries  of  various  conductivity  areas  along  the  ingot.  A  system 
of  hot  probing  is  usually  employed  for  a  similar  rapid  method  of  deter¬ 
mining  the  sign  of  the  conductivity;  many  devices  have  been  constructed 
on  this  principle. 

The  essence  of  this  method  consists  of  the  following:  a  metallic 
point,  or  a  probe,  heated  to  a  temperature  of  40-50°  is  applied  to  the 
test  material  in  the  area  required.  A  millivolt  meter,  connected  between 
the  probe  and  .the  specimen  being  tested,  shows  the  direction  of  the 
thermoelectromotive  force  generated  in  the  circuit,  which  will  be  pro¬ 
portional  to  the  value  of  the  temperature  difference  between  the  hot 
probe  and  the  ingot,  and  the  polarity  of  the  thermoelectromotive  force 
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will  depend  on  the  nature  of  the  conductivity  of  the  object  being 
investigated.  Along  with  simplicity  in  convenience  in  measurement, 
the  hot  probing  method  has  one  significant  shortcoming.  When  the 
temperature  of  the  probe  is  close  to  the  temperature  of  the  onset  of 
self-conductance  in  the  semiconductor,  this  method  gives  false  indications 
and  proves  to  be  unsuitable. 

In  this  connection,  the  necessity  arose  to  create  a  temperature 
difference  between  the  probe  and  the  ingot  not  by  increasing  the  probe, 
but  by  decreasing  it.  The  thermoelectric  method  of  cooling  permitted 
this  problem  to  be  solved  successfully,  and  facilitated  the  development 
of  a  device  required  by  industry. 

This  device  (Figure  112)  consists  of  thermocouple  7  and  8;  code 
collector  10  of  the  thermocouple  with  the  point  at  the  end  forms  the 
probe  with  a  base  area  of  6  mm2.  The  outside  of  the  thermocouple  and 
the  cold  collector  is  covered  with  a  protective  cap  9  of  decorative 
plastic.  Heat  removal  from  the  hot  junctions  of  thermocouple  5  is  accom- 
Pl  ished  by  means  of  radiator  system  4,  with  natural  convection  heat 
removal . 

The  electrical  supply  to  the  thermoelement  is  delivered  through  tht 
radiator  system,  which  is  divided  into  two  parts,  *  and  B,  which  are 
electrically  insulated  from  each  other.  Current  conducting  busbars  1  and 
2  are  connected  to  the  appropriate  parts  of  the  radiator  system.  Coupling 
rings  3  and  6  serve  as  rigid  couplings  for  the  two  parts  of  the  radiator 
system.  The  cold  collector,  which  is  the  probe,  has  an  electrical  lead 
for  connection  to  the  measuring  device.  Two  minutes  after  the  device  is 
switched  on  a  temperature  of  -17°  is  established  at  the  tip  of  the  probe, 
with  an  operating  current  cf  20  a.  The  voltage  drop  on  the  device  is 
0.07  v.  Thus  the  power  required  by  the  device  from  the  power  supply 
equals  1 . 4  w . 

The  sides  of  the  device  (the  diameter  of  the  upper  part  is  40  mm, 
and  the  height  is  161  mm)  and  its  weight  (470  g)  permits  it  to  be  utilized 
for  an  extended  period  of  time  without  any  kind  of  stress. 
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Figure  111.  An  overall  view  of  a  thermo¬ 
electric  refrigerator  for  a  parametric 
amplifier,  Installed  on  the  wave  guide 
channe I . 


CHAPTER  XIV.  General  Purpose  Thermoelectric  Ref r I oerators 


51.  Microrefrigerators  for  Laboratory  Purposes 

In  various  types  of  laboratory  investigations  the  necessity  often 
arises  to  examine  the  behavior  of  a  model  or  the  progress  of  a  process 
in  a  wide  range  of  temperatures.  In  a  case  when  the  temperature  range 
which  interests  the  investigator  extends  into  the  area  below  room 
temperature,  the  conduct  of  these  experiments  is  associated  with  a  great 
deal  of  difficulty.  This  difficulty  is  caused  by  the  fact  that  all 
existing  methods  of  temperature  reduction  do  not  permit  the  establishment, 
with  simple  methods  of  smooth  temperature  regulation  within  the  operating 
range.  By  virture  of  this  circumstance,  in  practice  it  is  necessary  to 
develop  complex  and  large  thermoregulating  devices,  which,  however,  do 
not  always  satisfy  established  requirements. 

The  thermoelectric  method  of  cooling  and  heating  has  permitted  the 
development  of  microrefrigerators,  which  are  free  from  the  shortcomings 
listed  above.  By  changing  the  value  of  the  supply  current  to  the  thermo¬ 
electric  pile,  the  temperature  in  the  operating  chamber  of  the  device 
can  be  changed  with  any  degree  of  accuracy  and  rate  of  change.  Whenever 
required,  a  transition  from  the  cooling  mode  to  the  heating  mode  and 
the  reverse  can  be  accomplished  by  reversing  the  direction  of  the  current 
supply  of  the  microrefrigerator. 

Three  design  versions  of  microrefrigerators  for  laboratory  purposes 
have  been  developed.  The  first  version  of  the  microrefrigerator  (Figure 
113)  is  equipped  with  a  single-stage  thermoelectric  pile  6,  which  consists 
of  five  thermoelements .  The  cold  junctions  of  the  thermopile  are  coupled 
with  good  thermal  contact  with  aluminum  disk  S,  to  which  the  operating 
chamber  1  is  soldered,  which  is  constructed  of  aluminum. 
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Figure  1)3*  A  section  of  a 
microrefrigerator  for 
laboratory  purposes.  The 
f  i  rs t  des ign  vers i on  is 
shown . 


In  order  to  exclude  electrical  contact  between  the  connecting  plates 
of  the  thermoelectric  pile  and  the  bottom  of  the  operating  chamber,  the 
latter  is  electrochemi cal ly  coated  with  a  thin  (0.5-1. 5  u)  layer  of 
aluminum  oxide.  This  layer  displays  insignificant  heat  transfer  resist¬ 
ance  and  at  the  same  time  provides  good  electrical  insulating  properties. 

Heat  removal  from  the  thermoelectric  pile  is  accomplished  by  running 
water,  which  flows  in  channels  provided  directly  within  the  hot  connecting 
plates  of  the  thermopile.  Water  input  and  output  for  the  device  is 
accomplished  by  means  of  two  nipples  4.  Ihe  electrical  supply  to  the 
device  is  through  terminals  3,  which  are  soldered  to  the  water  supply 
nipples.  The  system  of  hot  connecting  plates  is  filled  in  with  thermo¬ 
reactive  epoxy  compound  9,  thus  forming  a  rigid,  structurally  finished 
sub-assembly.  The  outside  of  the  operating  chamber  of  the  device  is 
protected  by  a  layer  of  thermal  insulation  8,  constructed  of  foam 
plastic.  In  order  to  reduce  heat  losses  through  the  side  section  of  the 
thermal  insulation,  narrow  recesses  10  have  been  cut  into  the  insulation. 
Aluminum  cylinder  7  forms  the  external  housing  of  the  device.  Thermal  ly- 
insulated  cover  2  provides  access  to  the  operating  chamber. 

Protective  ring  11,  of  decorative  plastic,  is  located  at  the  area 
where  the  cover  joins  the  chamber.  Resin  ring  12  provides  constant 
thermal  contact  between  the  operating  chamber  base  and  the  thermopile. 
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The  external  cover  is  attached  to  the  thermopile  by  means  of  shaped 
screws  13,  which  also  serve  as  the  legs  of  the  device. 


As  we  have  pointed  out  previously,  the  value  of  the  maximum  tempera¬ 
ture  difference  provided  by  a  thermoelectric  cooling  device  depends  on 
the  heat  load  on  the  thermopile,  which  in  turn  is  determined  by  the  heat 
released  by  the  objects  subject  to  cooling,  by  parasitic  heat  flows  from 
outside  through  the  layer  of  thermal  insulation,  and  by  the  heat  conduc¬ 
tivity  of  the  thermoelement  arms. 

The  technical  parameters  of  the  microrefrigerator  described  are 
shown  below,  and  a  general  view  is  presented  in  Figure  114. 


Chamber  volume  75  cm3 

Minimum  operating  chamber  temperature  [with  a 

water  system  heat  removal  temperature  of  15°)  -30° 

Maximum  operating  chamber  temperature  +50° 

Operating  current  in  the  maximum  cooling  mode  45  a 

Operating  current  in  the  maximum  heating  mode  10  a 

Power  requirement,  cooling  mode  18  w 

Time  required  to  establish  minimum  temperature 

in  the  operating  chamber,  filled  with  glycerin  25  min 

Water  consumption  rate  0.2  Z/min 

Uimensions:  diameter  85  mm 

height  130  mm 

Weight  540  g 


NOT  lEPRODtJCIBLE 


Figure  114.  An  overall  view 
of  the  first  version  of  a 
microrefrigerator  for 
laboratory  purposes. 
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The  second  design  version  of  a  microrefrigerator  for  laboratory 
purposes  provides  for  lower  temperatures  in  the  operating  chamber  of 
the  device,  This  is  achieved  by  utilizing  a  two-stage  thermoelectric 
pile  in  place  of  the  single-stage  pile  employed  in  the  first  version  of 
the  device.  In  order  to  provide  sufficient  refrigerating  capacity  in  the 
second  stage,  the  current  is  supplied  in  series  with  the  first  stage.  In 
addition,  the  thickness  of  the  thermal  insulation  of  the  operating  chamber 
of  the  device  has  been  increased. 

A  section  of  this  type  of  microrefrigerator  is  shown  in  Figure  115. 
The  two-stage  thermoelectric  pile  with  series-fed  stages  1  consists,  in 
the  first  stage,  of  ten  thermoelements;  there  are  two  thermoelements  in 
the  second  stage,  Operating  chamber  6  is  soldered  to  the  cold  collectors 
of  the  second  stage  of  the  thermopile  through  the  electrically  insulated 
ceramic  heat  junctions .  This  arrangement  provides  for  a  minimum  heat 
transfer  resistance,  "he  hot  junctions  of  the  first  stage  of  the  thermo¬ 
pile,  which  are  again  connected  through  ceramic  heat  junctions,  are 
soldered  to  collector  4  of  the  hot  junctions,  which  in  turn  is  soldered 
to  the  heat  removal  system  5,  Heat  removal  from  the  thermopile  is 
accomplished  by  running  water,  which  is  supplied  to  the  device  through 
two  nipples  6. 


Figure  115.  A  section  of  a  microref rlgerator 
for  laboratory  purposes.  The  second  design 
version  Is  Illustrated. 


The  electrical  supply  to  the  device  is  connnected  through  two  terminals 
7,  installed  on  electrically  insulated  panel  8.  The  operating  chamber  of 
the  device  is  protected  by  a  layer  of  thermal  insulation  9,  formed  of 
foam  plastic.  Cover  10  provides  access  to  the  operating  chamber.  Micro¬ 
thermistor  11,  mounted  in  the  operating  chamber  with  amalgam,  serves  to 
measure  the  temperature  in  the  operating  chamber  of  the  device.  The 
leads  of  thermistor  12  are  extended  to  the  insulated  panel. 

The  thermoelectric  pile  of  the  microrefrigerator  described  posseyses 
a  comparatively  high  refrigerating  capacity,  which  is  illustrated  in 
Figure  116.  This  graph  shows  an  experimental  curve  of  the  change  in  the 
temperature  difference  provided  by  the  refrigerator  as  a  function  of  the 
heat  released  in  the  operating  chamb  er  of  the  device. 


Figure  116.  The  temperature 
difference  provided  by  the 
second  design  version  of  a 
microrefrigerator  for 
laborator  purposes  as  a 
function  of  the  value  of 
the  heat  released  In  the 
operating  chamber. 


An  overall  view  of  the  device  is  shown  in  Figure  117. 

The  third  version  of  the  thermoelectric  refrigerator  for  laboratory 
purposes  is  a  single,  structurally  finished  device,  which  contains,  in 
addition  to  the  refrigerator  itself,  the  rectifier,  the  temperature 
measurement  circuit,  and  also  automatic  and  control  elements  which 
provide  for  reliable  operation. 


4 
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Figure  117-  An  overall  view  of  the 
second  design  version  of  the 
mi croref rigerator  for  laboratory 
purposes . 

The  basic  parameters  of  this  type  of  microrefrigerator  are  as 
follows . 


Optimum  current  SO  a 

Voltage  drop  1.64  v 

Power  requirement  82  w 

Minimum  operating  chamber  temperature  (with  a 

water  system  heat  removal  temperature  of  18°)  -53° 

Maximum  operating  chamber  temperature  55° 

Operating  chamber  volume  125  cm1 

Dimensions:  diameter  120  mm 

height  160  mm 

Weight  2.4  kg 


The  electrical  circuit  of  the  microrefrigerator  is  shown  in  Figure 

118. 

The  two-stage  thermoelectric  pile  Th  of  the  refrigerator  is  supplied 
from  a  fall-wave  rectifier,  consisting  of  power  transformer  Tr  and  VG-50-15 
germanium  rectifiers  (D  and  .  Filter  choke  Ch  serves  to  smooth  out 

rect ified-current  ripple  to  a  value  of  5-7%.  Switch  serves  to  transfer 

the  thermopile  from  the  cooling  to  the  heating  mode.  In  this  case  the 
thermopile  receives  current  reversed  in  polarity,  from  half  of  the 
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secondary  winding  of  the  power  transformer,  rectified  by  VG-10-1S  diode 
[), .  Resistor  R  ^  serves  to  limit  the  flow  of  heating  current.  Temperature 

measurement  in  the  microrefrigerator  is  accomplished  by  means  of  micro¬ 
thermistor  R0,  which  is  attached  in  silver  amalgam  to  the  side  of  the 

cylinder  which  forms  the  operating  chamber  of  the  device. 


Figure  118.  The  electrical  circuit  of  the  third  version 
of  the  microrefrigerator  for  laboratory  purposes. 


The  temperature  measurement  circuit  consists  of  a  bridge;  the  arms 
of  the  bridge  are  made  up  of  resistors  R, ,  R^ ,  Rg,  Rfc,  Rg  and  R^ .  Resistor 

R0,  which  is  connected  in  the  measurement  arm  of  the  bridge,  is  a  micro¬ 
thermistor.  The  current  supply  to  the  bridge  flows  from  battery  II,  which 
is  connected  to  the  bridge  by  switch  Sw^.  The  value  of  the  voltage  required 

to  supply  the  bridge  is  established  by  resistor  R?.  Switch  S,  serves  to 

calibrate  the  bridge,  and  this  is  accomplished  by  means  of  resistor  Rg. 

The  M-24  microammeter  is  employed  as  measuring  device  M  and  is  connected 
in  the  diagonal  of  the  bridge.  The  scale  of  the  meter  is  graduated  in 
degrees  centigrade.  The  current  supply  to  the  device  is  from  the  127/220  v 
network  through  fuses  Fj  and  F7.  Switch  Sw^  serves  to  switch  on  the 

voltage  supply.  Hydraulic  relay  Hk-Sw^  is  connected  in  the  water  supply 

circuit  from  the  hot  junctions  of  the  thermopile  in  order  to  break  the 
circuit  to  the  microrefrigerator  if  there  is  no  water  in  the  heat  removal 
system. 


Brief  technical  characteristics  for  the  microrefrigerator  are  shown 
below. 


Optimum  current  in  the  cooling  mode  50  a 

Voltage  drop  in  the  cooling  mode  1.64  v 

Power  requirement  in  the  cooling  mode  82  w 

Minimum  operating  chamber  temperature  (with  a 

water  system  heat  removal  temperature  of  15°)  -S0° 

Optimum  current  in  the  heating  mode  6  a 

Voltage  drop  in  the  heating  mode  0,2  v 

Power  requirement  in  the  heating  mode  1.2  w 

Maximum  temperature  in  the  heating  mode  50° 

Operating  chamber  volume  75  cm3 

Dimensions:  2S0  «  250  «  160  mm 

Weight  5  kg 


An  overall  view  of  the  third  design  version  of  the  microrefrigerator 
is  shown  in  Figure  119. 
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Figure  119.  An  overall  view  of  the  third 
design  version  of  the  microrefrigerator 
for  laboratory  purposes. 
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§2.  Experimental  Thermoelectric  Microchambers 

Thermochambers  are  used  in  a  number  of  branches  of  engineering  for 
checking  the  efficiency  of  articles  within  a  range  of  operating  tempera- 
tures.  Temperature  reduction  in  these  chambers  is  accomplished  by  means 
of  compressor  refrigerating  machines,  and  heating  is  accomplished  by 
electrical  heaters.  According  to  existing  standards,  experimental  chambers 
must  provide  a  temperature  range  of  -6C  to  +60°.  The  use  of  compressor 
thermochambers  in  practice  is  associated  with  a  number  of  inconveniences, 
based  on  the  following  factors;  relatively  large  energy'  requirements , 
significant  size  and  weight  and  extended  period  of  time  to  reach  operating 
levels,  ana  a  number  of  other  factors.  A  particularly  important  short¬ 
coming  is  the  large  volume  of  the  operating  chamber,  calculated  in 
hundreds  and  thousands  of  liters.  Very  often,  however,  the  volume  of 
articles  subject  to  investigation  may  amount  to  several  cubic  centimeters. 
In  addition,  it  is  often  necessary  to  carry  out  thermal  tests  with  the 
simultaneous  application  on  a  device  undergoing  tests  of  vibrational 
and  accelerating  loads.  It  is  not  possible  to  carry  out  such  tests  in 
thermochambers  cooled  by  freon  compressors.  With  these  considerations 
in  mind,  two  design  versions  of  low-volume  experimental  thermoelectric 
chambers  were  developed. 

The  first  version  of  the  chamber  was  constructed  in  the  form  of  a 
rectangular  parallel  piped,  the  sides  and  the  bottom  of  which  form  a 
two-stage  thermopile  with  a  series  current  supply.  Heat  removal  from 
the  hot  junctions  of  the  thermopile  is  accomplished  by  means  of  running 
water,  which  passes  through  channels  located  in  the  duraluminum  panels 
on  which  the  thermopiles  are  mounted.  The  channels  for  water  are  situated 
in  such  a  manner  that  after  assembly  of  the  device,  they  form  a  single 
series-connected  water  system.  As  we  have  pointed  out  previously  (Part  II, 
Chapter  VI,  §6J,  such  a  system  of  distribution  of  the  thermopiles  reduces 
to  a  significant  extent  parasitic  heat  flow  to  the  chamber  from  the 
outside.  It  is  the  circumstance  which  excludes  the  application  of 
external  thermal  insulation.  All  five  thermopiles  are  connected  in 
series  by  a  system  of  special  connectors.  The  total  number  of  thermo¬ 
elements  and  the  method  of  their  connection  provides  for  a  sufficiently 
high  chamber  refrigerating  capacity.  The  space  between  the  connecting 
plates  of  the  second  stage  of  the  thermopile  forms  the  operating  chamber 
of  the  device.  The  side  walls  of  the  operating  chamber  are  formed  by  the 
individual  connecting  plates  of  the  second  stage  of  the  thermopiles,  and 
the  bottom  of  the  operating  chamber  consists  of  the  continuous  metal 
plate,  soldered  to  the  collectors  of  the  cold  junctions  of  the  second 
stages  of  the  lower  thermopile. 

For  a  maximum  reduction  in  mechanical  stresses,  generated  in  the 
lower  thermopile,  this  plate  is  manufactured  of  a  material  with  a  low 
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thermal  distribution  coefficient  (.invar) .  In  order  to  reduce  heat  transfer 
between  the  first  and  second  stages  of  the  thermopiles,  foam  plastic 
thermoinsulation  is  placed  between  them.  Access  to  the  operating  chamber 
of  the  device  is  accomplished  through  a  removable  upper  cover,  which  is 
equipped  with  a  layer  of  foam  plastic  thermal  insulation.  In  order  to 
conduct  dynamic  tests  of  articles  located  within  the  chamber,  twelve  con¬ 
ductors  are  connected  to  the  operating  chamber  through  a  special  plug 
and  socket  connection.  Busbars  carrying  the  electrical  supply  to  the 
chamber  thermopiles,  and  also  nipples  for  the  delivery  and  the  output 
of  water  for  the  heat  removal  system  are  brought  out  to  the  side  wall  of 
the  device. 

Brief  technical  characteristics  of  the  experimental  chamber  are 
shown  below. 


Operating  current  in  the  cooling  mode  45  a 

Voltage  drop  in  the  cooling  mode  11  v 

Power  requirement  in  the  cooling  mode  495  w 

Minimum  operating  volume  temperature  (with  a 

heat  removal  water  system  temperature  of  20°)  -40° 

Operating  current  in  the  heating  mode,  to  a 

temperature  of  40°  16  a 

Voltage  drop  in  the  heating  mode  3.5  v 

Power  requirement  in  the  heating  mode  56  w 

Time  required  to  establish  cooling  mode  2.5  hours 

Time  required  to  establish  heating  mode  1.5  hours 

Water  consumption  rate  in  the  heat  removal  system  75  1/ h 
Operating  chamber  volume  1008  cm" 

Operating  chamber  dimensions  160  *  90  *  70  mm 

Dimensions  255  *  174  *  175  mm 

Weight  13.1  kg 

Operating  range  of  microchamber  static  overloads  up  to  50  g 


An  overall  view  of  the  first  design  version  of  the  thermoelectric 
experimental  chamber  is  shown  in  Figure  120. 

A  second  version  of  the  thermoelectric  experimental  chamber  is  in 
chc  form  of  a  single  device  with  a  rectifier  in  an  automatic  temperature 
control  circuit. 

Two-stage  thermopiles,  with  a  series  current  supply  to  the  stages, 
are  soldered  to  all  four  sides  and  to  the  bottom  of  the  operating  chamber 
of  the  device,  which  is  constructed  of  copper,  2  mm  in  thickness.  This 
distribution  of  thermopiles  permits  creating  a  system  with  comparatively 
high  refrigerating  capacity.  All  five  thermopiles  are  connected  tin  series. 
The  liquid  heat  removal  systems  for  the  individual  piles  are  also 
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connected  in  scries.  In  contrast  to  the  first  version  of  the  thermo- 
chamber,  where  heating  and  cooling  were  accomplished  by  reversing  the 
direction  of  the  current  supply  to  the  thermopile,  in  the  second  version 
the  heating  function  is  accomplished  by  a  special  electrical  heater,  which 
is  located  on  the  operating  chamber  of  the  device. 
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Figure  120.  An  overall  view  of  the  first  version 
of  the  experimental  thermoelectric  microchamber. 


A  block  diagram  of  the  electrical  part  of  the  device  is  shown  in 
Figure  121.  The  current  for  the  thermoelectric  piles  and  for  all  auto¬ 
matic  control  and  regulation  elements  is  supplird  from  a  rectifier.  The 
thermopile  supply  is  a  full-wave  rectifier  with  6  D-243  A  diodes  as 
rectifiers,  connected  with  three  diodes  in  each  arm.  A  platimun  resistance 
thermometer  is  the  temperature  sensor  for  the  automatic  temperature 
assembly  section,  which  in  turn  changes  the  value  of  the  current 
supplying  the  heater  and,  therefore,  the  temperature  in  the  chamber, 
through  the  amplifier  and  the  control  section.  The  temperature  indicator, 
which  is  located  on  the  front  panel  of  the  device,  signals  the  fact  that 
a  specified  temperature  has  been  established  in  the  operating  chamber 
of  the  device. 

Setting  of  the  value  of  the  temperature  is  accomplished  by  means 
of  two  control's  on  the  front  panel;  one  of  these  establishes  tens  of 
degrees,  and  the  other,  degree  units.  Accuracy  of  the  sustained  tempera¬ 
ture  is  accomplished  automatically  within  the  device.  Access  to  the 
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operating  chamber  of  the  device  is  accomplished  through  a  hinged, 
thermally-insulated  cover,  through  which  leads  may  be  introduced  in 
order  to  test  articles  located  within  the  chamber. 
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Figure  121.  T he  electrical  circuit  of  the  second  verstlon 
of  the  automatic  experimental  thermoelectric  chamber. 


Brief  characteristics  for  this  type  of  thermochamber  are  listed 
below. 


Operating  current  47  a 

Volrage  drop  5  v 

Thermopile  power  requirement  235  w 

Minimum  operating  chamber  temperature  (with  a 

water  system  heat  removal  temperature  of  15°)  -55° 

Maximum  operating  chamber  temperature  +60° 

Temperature  maintenance  accuracy  ±0.2° 

Operating  chamber  volume  of  the  device  612  cm3 

Operating  chamber  dimensions  125  *  70  *  70  mm 

Power  required  from  the  power  network  375  w 

Water  consumption  rate  in  the  heat  removal  system  75  1/ h 
Dimensions  400  *  37S  *  210  mm 

Weight  24  kg 
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An  overall  view  of  the  automatic  experimental  thermochamber  is 
shown  in  Figure  122. 


Figure  122.  An  overall  view  of  the  automatic  thermo¬ 
electric  chamber. 


§3.  Thermoelectric  Condensation  Hygrometers 

The  necessity  often  arises  in  industrial  and  laboratory  practice 
to  determine  the  quantity  of  moisture  in  the  air  or  in  various  gases. 

Many  devices  have  been  proposed  for  humidity  measurements;  among  these, 
psychrometers ,  hair  hygrometers  and  hygrometers  based  on  measurement  of 
the  dew  point  have  been  the  most  widely  employed.  The  measurement  of 
humidity  with  a  psychrometer  is  possible  only  for  positive  temperatures, 
and  hair  hygrometers  possess  insiginficant  accuracy  and  their  measurements 
reliability  is  low.  The  use  of  hygrometers  based  on  the  establishment 
of  the  temperature  of  the  formation  of  condensate,  or  the  dew  point, 
satisfy  requirements.  Devices  of  this  type  are  called  condensation 
hygrometers . 

Knowing  the  temperature  of  the  dew  point,  it  is  possible  to  calcu¬ 
late  the  absolute  moisture  content  in  a  gas  under  investigation.  The 
possibility  of  automating  the  process  of  measurement,  i.e,,  of  developing 
a  contnuously  operating  device  is  an  unquestionable  virture  of  condensation 
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hydrometers.  Cooling  of  the  condensation  surfaces  in  condensation  hygrom¬ 
eters  is  accomplished  by  means  of  various  cryostatic  mixtures,  solid 
carbon  dioxide,  liquid  nitrogen,  or  by  means  of  throttling  compressed 
gas . 


These  methods  of  cooling  possess  a  number  of  shortcomings,  including 
the  necessity  of  periodically  renewing  the  cold  producing  agent,  which 
sharply  decreases  the  operating  capabilities  of  the  device. 

The  use  of  the  thermoelectric  method  of  cooling  the  condensation 
surface  has  permitted  the  development  of  several  types  of  structurally 
simple  hygrometers  which  are  operationally  reliable. 

A  visual  hygrometer. 

The  most  structurally  simple  hygrometer  is  one  in  which  the  moment 
of  the  deposit  of  dew  is  established  visually  hy  misting  of  the  operating 
surface  of  the  device.  In  concept,  this  device  is  the  hygrometer  of 
Lembrcht,  but  1  place  of  ether,  thermoelectric  means  are  used  to  cool 
the  condensation  surface  of  the  device.  The  hygrometer  is  a  self-contained 
device  which  requires  only  a  connection  to  an  appropriate  rectifier. 

The  basic  construction  elements  of  the  hygrometer  (Figure  123)  include 
thermoelement  1,  the  cold  junction  of  which  is  soldered  to  copper  disk  2 
which  is  the  condensation  surface.  For  a  more  exact  determination  of 
the  moment  of  the  appearance  of  dew  on  the  condensation  surface,  the  latter 
is  Surrounded  by  a  polished  ebonite  ring  3,  which  is  encircled  by 
comparison  control  surface  4. 

The  thermoelement  and  the  condensation  assembly  are  covered  with 
a  layer  of  foam  plastic  thermal  insulation  5.  The  hot  junction  of  the 
thermoelement  is  soldered  to  collector  7,  which  is  equipped  with  a  system 
of  radiator  plates  6.  Measurement  cf  the  temperature  at  which  the  dew 
appears  is  accomplished  with  an  alcohol  thermometer  which  is  located  in 
channel  8.  The  head  of  the  device  is  mounted  in  metallic  housing  9  and 
is  inst  lied  on  column  10.  The  thermoelectric  pair  of  the  hygrometer 
permits  reducing  of  the  temperature  of  the  condensation  surface  by  30°, 
relative  to  the  temperature  of  t.he  surrounding  air.  At  an  operating 
current  of  20  a,  the  power  required  by  the  element  equals  2  w. 

The  overall  dimensions  of  the  hygrometer  are  as  follows:  the  diameter 
is  60  mm,  the  height  is  250  mm.  The  weight  of  the  device  is  1.5  kg. 
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Figure  123.  A  section  of  a  visual 
hygrometer , 


A  periodically  acting  hygrometer. 

In  a  hygrometer  of  this  type,  for  which  the  block  diagram  is  shown 
in  Figure  124,  the  dew  point  is  established  by  a  change  in  the  condensation 
surface  of  a  glass  which  is  cooled  by  a  thermocouple.  The  hygrometer 
has  the  following  basic  sub-assemblies:  a  cooling  system,  a  dew  indicator, 
an  electrometric  bridge,  a  two-stage  magnetic  amplifier,  a  rectifier  to 
supply  the  bridge,  a  micrcthermistor  for  temperature  measurement,  and 
a  fan  with  a  starting  mechanism  for  drawing  in  the  gas  tested. 
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Figure  124.  The  block  diagram  of  a 
periodically-acting  hygrometer. 

Key:  a,  Condensation  surface;  b, 

Semiconductor  pile;  c,  Electrometric 
bridge;  d,  Magnetic  amplifier; 
e,  relay. 


The  cooling  system  consists  of  a  thermocouple  and  a  radiator  for 
heat  removal  from  the  hot  junctions  of  the  thermoelement  to  the  surround¬ 
ing  air.  In  order  to  reduce  the  temperature  difference  between  the  hot 
junction  of  the  thermoelement  and  the  surrounding  air,  the  radiator  area 
was  increased  somewhat  in  comparison  with  theoretical  calculations,  and 
amounts  to  1,000  cm2.  This  provides  a  reduction  of  2-3°  in  the  parasitic 
temperatue  drop  between  the  radiator  and  the  surrounding  medium.  Under 
fixed  conditions,  and  with  an  optimum  supply  current  of  10  a  and  a  sur¬ 
rounding  air  temperature  of  20°,  a  temperature  of  -11°  is  obtained  on 
the  cold  junction  after  50-60  seconds.  In  drawing-in  gas  under  investi¬ 
gation,  the  heat  load  on  the  cold  junction  increases  and  the  maximum 
temperatue  difference  obtained  decreases.  At  a  selected  air  flow  rate 
of  3  m/sec,  a  temperatue  of  -10°  was  established  on  the  cold  junction. 

A  glass  (width  2  mm,  length  5  mm,  thickness  0.2  mm),  serves  as  the 
dew  indicator,  a  platinum  coating1  is  applied  to  the  glass  by  means  of 
cathod  sputtering  which  has  a  gap  with  a  width  of  10-30  u-  Electrodes 
for  connection  of  the  platinum  with  the  electrical  circuit  of  the 
hygrometer  are  soldered  with  Wood’s  alloy  to  silver  contacts  which  are 
applied  by  braising.  The  glass  with  its  applied  coatings  is  attached 
with  an  epoxy  cement  to  the  cold  junction  of  the  thermoelement.  The 
semiconductor  pile  and  the  condensation  surface  are  protected  with  a 


'Platinum  was  chosen  after  it  became  clear  that  a  coating  of  silver, 
copper,  palladium  and  a  number  of  other  metals  were  destroyed  during  the 
operating  process.  This  was  apparently  associated  with  the  low  mechanical 
strength  of  the  bond  between  these  coatings  and  the  glass  under  the 
influence  on  these  coatings  of  capillary  forces  of  condensed  moisture. 
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heat  insulating  cover  to  provide  thermal  insulation  from  the  surrounding 
medium.  The  gas  tested  is  drawn  in  through  a  special  nipple. 


The  hygrometer  is  supplied  from  the  220  v  network.  The  operating 
principle  of  the  electrical  circuit  of  tl ?  device  is  as  follows:  as  a 
result  of  the  appearance  of  dew,  the  balance  of  the  electrometric  bridge 
changes,  and  a  signal  of  30-40  u  a  is  applied  to  the  magnetic  amplifier; 
the  unbalance  signal,  amplified  to  24  ma,  opens  relay  RKS,  which  interrupts 
the  c;rcuit  to  the  thermoelement  and  vaporization  of  the  condensed 
moisture  occurs.  When  the  dew  disappears,  the  relay  switches  on  the 
thermoelement  and  the  process  is  repeated.  The  temperature  at  which  the 
dew  appears  is  measured  by  a  thermistor  MT-S4,  which  is  mounted  directly 
under  the  cooled  glass.  The  temperature  of  the  surrounding  medium  is 
measured  by  another  thermistor,  which  is  placed  in  the  flow  of  the  gas 
undergoing  investigation.  The  circuit  permits  balancing  the  electrometric 
bridge  before  beginning  measurements,  and  also  permits  establishing  the 
required  voltage  for  the  thermistors. 

It  must  be  noted  that  the  sensitivity  of  the  device  changes,  depending 
on  the  width  of  the  gap  in  the  layer  of  platinum  applied  to  the  glass. 

It  was  revealed  that  with  a  distance  between  the  electrodes  of  10u  (with 
a  gap  resistance  of  1-1.5  megohms),  the  device  establishes  the  appear¬ 
ance  of  dew  several  seconds  earlier  than  can  be  established  with  a 
microscope  (*  119).  It  was  established  that  the  hygrometer  sensitivity 
is  basically  established  by  the  response  time  of  the  relay  in  the 
amplifier,  therefore  the  employment  of  films  with  very  small  gaps  in 
a  given  construction  is  not  advantageous.  One  measurement  cycle  (conden¬ 
sation  --  vaporization)  requires  20-30  seconds. 

Tests  of  the  device  have  revealed  that  the  dew  point  temperature 
is  determined  with  an  accuracy  of  il%,  and  the  measurement  spread  does 
not  exceed  0.5°.  The  hygrometer  permits  measuring  the  humidity  of  gases 
with  a  dewpoint  temperature  from  +20  to  -10®.  Measurement  of  the  humidity 
of  drier  gases  is  limited  due  to  the  fact  that  in  this  connection  moisture 
condensation  occurs  in  the  form  of  a  solid  phase  and  the  surface  conduc¬ 
tivity  of  the  glass  changes  by  an  amount  insufficient  to  obtain  the 
required  signal. 

An  overall  view  of  a  periodically  acting  hygrometer  is  shown  in 
Figure  125. 
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Figure  125-  An  overall  view  of  a  periodically 
acting  hygrometer. 


A  continuously  operating  hygrometer. 

An  automatic  continuously  operating  hygrometer  is  based  on  a  change 
in  the  reflectivity  of  a  mirror  upon  the  appearance  of  dew. 

In  1958  an  industrial  version  of  a  thermoelectric  automatic  conden¬ 
sation  hygrometer  featuring  continuous  operation  was  developed,  which 
permitted  measuring  the  temperature  of  the  dewpoint  of  air  or  of  any 
industrial  gases  from  +S0  to  -50°.  The  principal  b  lock  diagram  of  the 
hygrometer  is  shown  in  Figure  126.  Mirror  1  is  place!  or  the  cold 
junction  of  the  thermoelectric  pile.  A  jet  of  gas,  the  humidity  of  which 
must  be  determined,  is  blown  over  the  mirror  in  the  process  of  measure¬ 
ment.  The  mirror  is  illuminated  by  a  beam  of  light  from  illuminator  2, 
which  is  supplied  from  source  3.  The  light  which  is  reflected  from  the 
mirror  falls  on  the  FC-K  photoconducti ve  cell  4.  The  electronic  control 
circuit  is  adjusted  in  such  a  manner  that  when  the  quantity  of  light  which 
falls  on  the  photoconductive  cell  changes,  which  occurs  when  dew  appears 
on  the  mirror,  photocurrent  amplifier  5  delivers  the  signal  to  the 


regulating  device  0,  which  delivers  its  output  to  the  type  EPP-09 
electronic  recorder  11  and  to  actuating  the  mechanism  7.  This  mechanism 
permits  changing  the  system  of  humidifying  or  drying  the  air  over  the 
gas  and  switching  on  an  appropriate  signal  device. 


Figure  126.  A  block  diagram  of  a  continuously 
operating  hygrometer. 


The  temperature  at  which  dew  appears  on  the  mirror  is  established 
by  microthermistor  10,  which  delivers  a  signal  to  the  regulating  device 
and  to  the  recorder.  After  the  temperature  of  the  appearance  of  the  dew 
is  established,  the  regulating  device  delivers  a  signal  to  the  reverse 
current  circuit  8,  which  supplies  the  thermopile  from  rectifier  9.  The 
thermopile  is  switched  from  the  cooling  to  the  heating  mode;  dew,  which 
has  condensed  on  the  mirror,  is  vaporized,  after  which  the  reversing 
circuit  delivers  a  forward  current  to  the  thermopile  and  the  entire  process 
is  repeated.  The  hygrometer  is  capable  of  automatically  measuring  the 
humidity  with  a  rate  of  30  cycles  per  hour. 

As  we  have  previously  indicated,  the  hygrometer  permits  measuring 
the  humidity  down  to  a  dewpoint  of  -50°.  Such  a  low  temperature  is 
achieved  due  to  the  utilization  of  a  two-stage  high-efficiency  thermopile, 
a  section  of  which  is  shown  in  Figure  127. 

The  thermoelements  2.  and  9  of  the  first  stage  consisting  of  S  couples 
are  soldered  to  the  heat  removal  system,  which  consists  of  6  brass  bars 
11,  which  are  electrically  insulated  from  each  other.  Channels  for 
the  passage  of  water  are  located  within  the  bars.  Water  is  delivered 
to  the  thermopile  through  nipple  1.  The  heat  removal  system  is  filled 
with  epoxy  resin  10,  and  as  a  result  of  the  rystem  forms  a  single. 
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structurally  finished  sub -assembly.  One  thermoelement  4  of  the  second 
stage  is  soldered  to  the  dual-connecting  plates  6  and  8,  which  are 
attached  with  epoxy  cement.  The  metallic  mirror  is  subsequently  soldered 
to  the  collector  of  the  cold  junctions  5  of  the  second  stage.  In  order 
to  reduce  parasitic  heat  flows,  the  thermoelements  are  covered  with  a 
layer  of  foam  plastic  3  and  are  protected  with  plexiglass  cap  7.  The 
electrical  supply  to  the  thermopile  is  accomplished  through  two  current- 
carrying  busbars,  which  are  attached  to  the  nipples  of  the  cooling 
water  supply.  The  thermoelectric  pile  described  possesses  significant 
refrigerating  capacity  as  a  result  of  the  series  connection  of  the 
first  and  second  stages.  This  is  achieved  by  means  of  the  selection 
of  an  appropriate  design  for  the  connecting  plates,  and  for  the  number 
and  geometry  of  the  semiconductors  and  a  number  of  other  factors.  An 
overall  view  of  the  thermoelectric  hygrometer  is  shown  in  Figure  128. 
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Figure  127.  A  section  of  a  thermo¬ 
pile  for  a  continuously  operating 
hygrometer. 


Figure  128.  An  overall  view  of 
the  hygrometer  for  continuous 
operation  (the  power  supply  and 
regulation  section  is  not  shown). 


The  basic  specifications  for  the  continuously  operating  hygrometer 
are  shown  below. 


Operating  current  in  the  maximum  cooling  mode  60  a 

Thermopile  voltage  drop  0.4  v 

Thermopile  water  consumption  rate  50  1/ h 

Size  of  the  condensation  surface  (mirror)  10  «  15  mm 

Dimensions  of  the  basic  sub-assembly  of 

the  device  (excluding  the  power  supply  and 

the  automatic  regulating  circuit):  height  275  mm 

diameter  180  mm 

Weight  of  the  basic  sub-assembly  of  the  device  1 1  kg 
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In  1904  still  another  version  of  the  condensation  hygrometer  for 
continuous  operation  was  developed,  utilizing  thermoelectric  cooling  of 
the  condensation  surface. * 

The  DDN-1  automatic  photoelectronic  humidity  indicator,  which  is 
mass-produced  by  industry,  was  selected  as  the  basis  for  this  device. 

In  the  DDN-1  device,  cooling  of  the  condensation  surface,  which  is  the 
mirror,  is  accomplished  by  means  of  throttling  compressed  air.  The  moment 
of  the  appearance  of  dew  is  established  by  measuring  the  reflectivity  of 
the  mirror  with  a  special  photoelectronic  circuit.  The  mirror  temperature 
is  measured  by  a  platinum  resistance  thermometer.  The  use  of  the  DDN-1 
device  is  associated  with  a  number  of  inconveniences,  including  the  neces¬ 
sity  to  have  available  a  source  of  high-pressure  air  (up  to  250  atm)  to 
cool  the  condensation  surface.  At  the  same  time  the  basic  sub-assemblies 
of  the  device,  which  include  the  photoelectronic  capacitors  and  the 
temperature  gauge  possess  sufficiently  high  accuracy  and  reliability  in 
operation.  Therefore,  a  thermoelectric  cooler  was  developed  for  the 
DDN-1  device.  Structurally,  the  thermoelectric  cooler  was  made  in  such 
a  way  that  with  minimum  alterations  it  could  replace  the  cooler  of  the 
DDN-1  device. 

The  thermoelectric  cooler  was  assembled  with  a  three-stage  thermopile 
with  series  current  supply  to  all  stages.  There  are  15  thermoelements 
in  the  first  stage  of  the  thermopile,  three  in  the  second,  and  one  in 
the  third.  Heat  removal  from  the  hot  junctions  of  the  thermopile  is 
accomplished  by  running  water.  A  full-wave  rectifier  equipped  with 
VG-50-15  diodes  serves  as  the  power  supple  for  the  thermopile. 

A  filter  choke  is  used  to  smooth  the  rectified  current  ripple.  The 
thermoelectric  cooler  and  the  rectifier  power  supply  are  mounted  on  the 
frame  of  the  DDN-1  device  in  place  of  several  sub-assemblies  and  parts 
which  cooled  the  device  by  means  of  throttling  compressed  air.  A  chrom¬ 
ium  mirror  is  soldered  to  the  collector  of  the  cold  junction  of  the 
third  stage  thermoelement.  A  change  in  the  reflectivity  of  the  mirror 
signals  the  appearance  of  dew.  Since  the  device  is  intended  for  contin¬ 
uous  operation,  after  each  cooling  cycle  it  is  necessary  to  clean  the 
moisture  from  the  mirror.  This  is  accomplished  by  heating  the  mirror 
to  a  temperature  of  30-40°. 

Heating  of  the  mirror  could  be  accomplished  by  means  of  reversing 
the  polarity  of  the  current  to  the  thermopile,  but  this  would  lead  to 
undesirable  temperature  fluctuations  of  the  entire  pile.  Therefore  the 
collector  of  the  cold  junction  of  the  third  stage  thermoelement  was  wound 


1  In  addition  to  members  of  the  APAN  SSSR  [Institute  of  Semiconductors 
of  the  Academy  of  Sciences  of  USSR] ,  A.  S,  Kucherov  participated  in  the 
development  of  this  device. 
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with  a  heater,  which  is  switched  on  automatically  when  it  is  necessary 
to  vaporize  moisture  which  has  condensed  on  the  mirror.  Here  the  thermo¬ 
pile  is  not  turned  off,  but  a  positive  temperature  on  the  mirror  is 
achieved  due  to  the  fact  that  the  output  of  the  heater  predominates  over 
the  refrigerating  capacity  of  the  thermopile  thrid  stage.  A  platinum 
resistance  thermometer  is  wound  on  the  collector  of  the  cold  junction  of 
the  third  stage  thermoelement.  The  thermometer  is  the  sensor  for  the 
automatic  dewpoint  measurement  circuit.  When  the  gas  being  investigated 
flows  over  the  mirror  at  a  rate  of  3  m/sec.,  the  mirror  temperature  may 
be  reduced  to  -70°. 

Some  data  characterizing  the  thermoelectric  cooler  for  the  Dl'N-1 
device  are  shown  below. 


Operating  current  42  a 

Voltage  drop  1 . 5  v 

Power  requirement  63  w 

Minimum  condensation  surface  temperature  (with 

a  water  system  heat  removal  temperature  of  +18°)  -70° 

Temperature  difference  provided  by  the  thermopile  88° 

Water  consumption  rate  in  the  heat  removal  system  50  Z/h 

Diameter  of  the  condensation  surface  (mirror)  20  mm 

Thermopile  dimensions  120  *  55  *  60  mm 

weight  1 . 3  kg 


§4.  A  device  for  Thermometer  Calibration 


Mercury  and  alcohol  thermometers,  before  being  released  from  the 
manufacturer  for  use,  must  under  go  a  calibration  operation,  which  consists 
of  a  comparison  of  the  indications  with  the  indications  of  a  standard 
thermometer.  The  calibration  operation  is  also  carried  out  in  metfcoro- 
log  ical  organizations  during  periodic  checking  of  the  thermometers  in  use. 


Although  this  checking  presents  no  difficulty  in  the  range  of  tempera¬ 
tures  above  room  temperature,  the  establishment  of  temperatures  from  room 
temperature  to  temperatures  below  0°  is  associated  with  a  certain  amount 
of  difficulty.  In  these  cases  a  number  of  cooling  agents  are  employed, 
which  have  spee-fic,  so-called  cryostatic  temperature  points.  The 
thermometer  undergoing  tests  and  the  standard  thermometer  are  placed  in 
an  appropriate  mixture,  and  on  the  basis  of  their  indications  the  tempera¬ 
ture  error  at  one  or  more  points  on  the  scale  is  determined. 


However,  the  method  described  is  associated  with  a  number  of  short¬ 
comings,  including  discreteness  of  comparison  temperature  points,  if  the 
capillary  tubes  of  the  thermometers  were  of  exactly  the  same  diameter 
along  their  entire  length,  the  method  of  extrapolation  from  point  to 


-246- 


point  would  result  in  the  temperature  values  along  the  entile  scale  of 
the  thermometer.  But  due  to  a  number  of  technical  causes,  the  capillary 
tube  diameter  is  not  constant,  and  as  a  result  the  thermometer  scale  will 
not  be  completely  uniform.  The  comparison  of  thermometers  at  specific 
temperature  points  will  not  give  true  temperature  indications  in  the 
interval  between  these  points. 

Thus  a  pressing  need  arose  for  a  smooth  temperature  change  within 
the  medium  in  which  t he  calibration  is  being  conducted.  The  use  of 
refrigerators  for  tins  purpose  is  associated  with  difficulties  in  establish¬ 
ing  smooth  regulation.  In  this  connection  a  special  thermoelectric 
device  (.Figi  re  1 29 d  was  developed  which  permits  changing  the  temperature 
both  in  the  positive  and  in  the  negative  ranges.  The  value  and  accuracy 
of  the  temperature  change  is  established  by  the  value  of  the  current 
supply  to  the  device. 


Figure  129.  A  section  of  a  device 
for  thermometer  calibration. 


The  cold  side  of  the  thermoelectric  pile  1  of  this  device  is  in  good 
thermal  contact  with  internal  shell  2,  which  forms  the  operating  chamber 
of  the  device.  Heat  removal  from  the  hot  junctions  of  the  thermopile  is 
accomplished  by  means  of  cooling  system  3.  Water  is  connected  to  the 
device  through  nipple  4,  and  flows  through  the  cooling  system.  The 
exterior  surface  of  the  interior  shell  is  surrounded  by  a  layer  of  foam 


plastic  thermal  insulation  S.  Ixternal  cover  t>  is  equipped  with  a 
removable  top  with  thermal  insulation  7.  For  best  heat  transfer  inside 
the  operating  chamber  of  the  device,  the  latter  is  filled  with  a  mixture 
of  alcohol  and  water  8.  Both  the  thermometer  undergoing  calibration  and 
the  standard  thermometer  are  introduced  into  the  internal  volume  of  the 
thermostat  system  through  an  aperture  in  top  9.  A  smooth  temperature 
change  within  the  thermostat  system  is  accomplished  by  means  of  changing 
the  value  of  the  current  supply  to  the  system.  When  it  is  necessary  to 
perform  calibration  operations  in  the  temperature  range  above  room 
temperature,  the  direction  of  the  current  supply  to  the  pile  is  reversed 
and  the  operating  liquid  is  replaced  with  oil. 

The  thermostat  system  is  characterized  by  the  following  operating 
parameters . 

Maximum  temperature  reduction  in  the  cooling 
mode  (with  a  water  system  heat  removal 
temperature  of  15°)  40° 


Maximum  current  supply 

2S  a 

Direct  current  power  requirement 

20  w 

Internal  volume 

?S  cm' 

Maximum  positive  temperature 

50° 

Dimensions:  diameter 

6S  mm 

height 

120  mm 

Weight 

4S0  g 

A  second  version  of  the  thermoelectric  device  for  thermometer 
calibrations  (Figure  130)  was  developed  subsequently.  This  device 
differs  from  the  first  version  only  in  the  structural  configuration  of 
the  water  system  of  heat  removal  from  the  thermopile.  In  the  second 
version  of  the  device,  water  passes  through  channels  formed  directly 
within  the  hot  connecting  plates  of  the  thermopile.  As  a  result,  parasitic 
temperature  differences  between  the  water  and  the  hot  thermopile  junctions 
are  reduced  to  a  minimum  and  the  maximum  temperature  difference  furnished 
by  the  device  was  raised  to  45°. 

§5.  Thermoelectric  Null-thermostat  Systems 

Differential  metallic  thermocouples  are  usually  employed  in  industrial 
and  laboratory  practice  in  order  to  measure  the  temperature.  As  is  known, 
a  differential  thermocouple  has  a  so-called  control  junction,  which  must 
be  maintained  at  a  constant  temperature.  For  convenience  in  reading 
the  values  of  the  temperature  measured,  the  control  junctions  are  usually 
placed  in  melting  ice,  which  has  a  temperature  of  0°. 
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In  a  number  of  cases  the  employment  of  melting  ice  is  associated 
with  specific  operating  inconveniences,  especially  during  thermocouple 
utilization  in  remote-controlled  systems.  In  this  connection  two  design 
versions  of  thermoelect ric  nul 1- thermostat  systems,  which  furnish  an 
automatically  maintained  temperature  of  0°  were  developed. 

In  the  first  type  of  null-thermostat  system,  automatic  temperature 
maintenance  inside  the  operating  chamber  of  the  device  is  accomplished  by 
means  of  a  special  two-position  regulating  circuit.  The  temperature 
sensor  is  a  small  mercury  relay. 

A  section  of  this  type  of  nul 1 -thermostat  system  is  shown  in  Figure 
131.  Thermoelectric  pile  S  consists  of  four  thermoelements .  Section  2, 
which  is  subject  to  thermos'- atical ly-cont rol led  cooling,  is  soldered  to 
these  cold  junctions  of  the  thermoe lement s  through  dual  connecting  plates 
9.  The  hot- junction  side  of  the  pile  thermoelements  are  soldered  through 
dual  connecting  plates  10  to  heat  transfer  base  ?,  which  is  equipped 
with  a  system  of  radiator  plates  6.  This  system  provides  for  heat  removal 
from  the  thermopile  to  the  surrounding  air.  The  control  junctions  of 
thermocouple  3  and  temperature  sensor  4  are  installed  within  thermostat¬ 
ically-controlled  block  2,  which  is  manufactured  of  copper.  In  order 
to  reduce  heat  flow  to  the  thermost at i ca 1 ly-control led  section  from  the 
surrounding  medium,  the  section  is  protected  by  a  layer  of  thermal 
insulation  8.  The  device  is  inclosed  within  metallic  shell  1,  which  is 
equipped  with  a  cover.  Mounted  on  the  cover  is  a  block  with  the  extended 
control  leads  for  the  thermocouple. 
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Figure  130.  An  overall  view  of  the 
second  version  of  the  thermometer 
ca 1 i b  rat i on  dev i ce  . 
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Figure  131.  A  section  of  a  nul I  -  thermos  tat 
system. 


The  device  is  mounted  on  special  stand  11,  which  is  equipped  with 
terminal  block  Id  through  which  the  rectifier  is  connected  to  the 
thermostat  system.  The  supply  rectifier  for  the  thermoelectric  pile  of 
the  thermostat  system  is  a  full-wave  circuit  (Figure  132).  Power  trans¬ 
former  Tfj  nay  be  connected  to  a  line  input  of  i 27/220  v.  Power  germanium 


diodes  and  D_,  are  employed  as  rectifiers.  filter  choke  Ch  serves  tc 


smooth  ripple  of  the  direct  current  delivered  to  the  thermopile, 
automatic  temperature  stabilization  circuit  includes  transformer 


rectifier  L)^,  electrolytic  filter  capacitor  t,  two  relays  k(  and 


The 

Tr2’ 

K,, 
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which  on  command  from  the  temperature  sensor  connect  the  current  supply 
to  the  thermopile.  Signal  lamp  LC  and  LM  serves  as  indicators  to  show 
the  thermopile  mode  of  operation,  "heating"  or  "cooling". 


Figure  132.  The  electrical  power  supply 
and  regulation  circuits  of  the  null- 
thermostat  system. 

The  basic  specifications  of  the  nul 1 - thermostat  system  are  shown 
below . 


Operating  current  in  the  cooling  mode  16  a 

iiiermopile  voltage  drop  in  the  cooling  mode  0.4  v 

Operating  temperature  on  the  thermostatically 
controlled  section  (with  an  ambient  temperature 
of  30°)  0  ±0.015° 

Dimensions:  diameter  180  mm 

height  315  mm 

Thermostat  system  weight  3.5  kg 
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Dimensions  of  the  power  supply  and  regulation  section: 


height  150  mm 

width  150  mm 

length  300  mm 

Power  supply  and  regulation  section  weight  6.8  kg 


An  overall  view  of  the  null-thermostat  system  with  the  power  supply 
and  regulation  section  is  shown  in  Figure  133. 
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Figure  133-  An  overall  view  of  the  nul 1  -  thermostat  system 
with  the  power  supply  and  regulation  section. 


In  meteorological  practice,  and  also  in  c-.iducting  a  number  of 
laboratory  investigations,  the  necessity  often  arises  to  maintain  a 
temperature  of  0°  with  a  great  degree  of  accuracy.  For  this  reason  a 
precision  thermoelectric  nul 1-thermostat  system,  which  maintians  a  tempera 
ture  of  0°  with  an  accuracy  of  ±001°,  was  developed.  Automatic  temperatur 
maintenance  at  the  0°  level  in  this  device  is  based  on  a  change  in  the 
volume  of  water  when  it  freezes.  This  change  in  volume  is  registered 
by  a  highly-sensitive  contact  relay,  which  is  part  of  a  control  circuit 
similar  to  that  shown  in  Figure  132. 

A  section  of  the  precision  nul 1 -thermostat  system  is  shown  in 
Figure  134.  The  hot  junction  side  of  a  thermoelectric  pile  consisting 
of  8  series -connected  thermoelements  4  is  soldered  to  the  heat  removal 
system.  The  water  and  the  electrical  supply  to  the  thermopile  are 
furnished  through  nipple  5.  Copper  cylinder  3  is  soldered  to  the  cold 
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junctions  of  the  thermopile  through  electrically-insulated  connecting 
plates.  The  entire  internal  volume  of  the  cylinder  is  filled  with 
distilled  water.  The  control  junctions  of  thermocouple  1,  with  which 
are  subject  to  thermostatically-controlled  cooling,  are  introduced  into 
the  cylinder  through  special  feeling  device  2.  Bellows  6  are  hermetically 
attached  to  the  upper  surface  of  shell  3.  Relay  contacts  7,  which  are 
connected  to  the  control  circuit  of  the  devices,  are  located  inside  the 
bellows . 


Figure  131*.  A  section  of  a  precision  null 
thermostat  system. 


During  operation  of  the  thermopile,  water  located  in  the  cylinder  is 
cooled  and  upon  attaining  a  temperature  of  0°  begins  to  freeze  near  the 
walls  of  the  cylinder.  Khen  the  ice  forms,  its  greater  volume  creates 
pressure  on  the  water  which  remains  unfrozen,  which  transmits  this 
pressure  to  the  bellows.  The  bellows  are  compressed  and  close  the  contacts 
of  the  relay.  The  signal  from  the  relay  is  applied  to  the  control 
circuit  and  the  latter  interrupts  the  current  to  the  thermopile.  While 
the  thermopile  is  disconnected,  environmental  heat  flow  and  heat  flow 
along  the  arms  of  the  thermoelements  cause  partial  melting  of  the  ice 
on  the  cylinder  walls,  which  leads  to  a  volume  reduction  and  correspondingly 
to  a  reduction-  in  pressure  on  the  bellows.  The  bellows  open  the  relay 
contacts,  and  the  control  circuit  switches  on  the  circuit  to  the  thermopile. 
In  this  manner,  a  specific  quantity  of  ice  is  continuously  maintained 
inside  the  cylinder.  The  quantity  of  ice  is  determined  by  the  position 
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of  the  relay  contacts  in  the  bellows.  With  a  uniform  state  inside  the 
cylinder,  the  ice-water  within  is  maintained  at  a  temperature  of  0°, 

In  order  to  reJuce  parasitic  heat  flow  from  outside  the  operating  volume 
of  the  device,  the  top  and  side  are  thermally  insulated  with  a  layer  of 
foam  plastic. 

The  basic  specifications  of  the  device  are  as  follows. 


Operating  current 

16  a 

Voltage  drop  on  the  device 

0.7  v 

Operating  chamber  temperature 

0  10.001° 

Water  system  heat  removal  temperature 

20-30° 

Surrounding  air  temperature 

0-40° 

Heat  removal  water  system  temperature 

0.5  Z/min 

Dimensions:  diameter 

100  mm 

height 

1 20  mm 

Weight 

1.1  kg 

§6.  Microscope  Stages  with  Regulated  Temperatures 

In  conducting  microscopic  investigations  it  is  often  required  to  trac 
the  progress  of  a  flow  process  for  the  behavior  of  a  biological  subject 
under  various  temperature  conditions,  bxisting  designs  for  instruments 
intended  for  these  purposes  permit,  as  a  rule,  the  establishment  of  a 
temperature  above  room  temperature.  Investigations  at  temperatures  below 
room  temperature  are,  in  practice,  difficult  to  achieve  due  to  the  com¬ 
plexity  of  the  apparatus  employed  for  these  purposes,  although  the  low- 
temperature  range  is  of  paramount  interest  in  some  cases.  Four  design 
versions  of  microscope  stages  were  developed  for  the  purposes  indicated. 

Figure  135  shows  a  thermoelectric  microscope  stage  intended  for  the 
investigation  of  objects  in  transmitted  light  in  the  temperature  range 
from  -7  to  +6U° .  Four  thermoelectric  couples  3,  which  form  the  thermo¬ 
electric  pile  in  the  shape  of  a  closed  tetragon,  are  mounted  on  five 
segmented  plates  5,  which  form  the  base  of  the  stage.  Straight-through 
aperture  6  is  located  in  the  middle  of  the  pile  for  the  passage  of  light 
from  the  microscope  light  source.  When  the  stages  operating  in  the 
cooling  regime,  the  lower  segmented  plates  are  the  hot  radiators,  which 
dissipate  heat  from  the  thermoelectric  couple  to  the  frame  of  the  micro¬ 
scope  and  to  the  surrounding  air.  The  slide  and  the  cover  glass,  which 
contain  the  object  under  investigation,  are  placed  on  cold-connecting 
plates  2,  which  lie  in  the  same  plane.  The  cooling  effect  from  the 
upper  cold-connecting  plates  of  the  thermoelements  is  transmitted  through 
the  slide  to  the  object  investigated.  In  order  to  provide  the  stage  with 
the  required  mechanical  strength,  all  the  parts  are  cemented  with  epoxy 
resin  4.  The  current  supply  to  the  stage  is  accomplished  through  two 
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terminals  1,  which  are  connected  to  the  two  corresponding  lower  connecting 
platas.  The  power  required  by  the  stage  from  the  direct  current  source 
equals  2  w  at  a  current  of  14  a. 


Figure  135-  A  t ransmi t ted- 1 i gh t 

microscope  stage  with  sei f -cool i ng. 


The  overall  dimensions  of  the  stage  are;  height  10  mm,  diameter  70 
mm.  The  weight  is  160  g.  An  overall  view  of  the  stage  is  shown  in 
Figure  136. 
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microscope  stage  with  self-cooling, 
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In  a  number  of  cases  it  is  required  to  conduct  microscopic  investi¬ 
gations  with  more  intensive  cooling  of  the  objects  investigated.  A 
microscope  stage  which  furnishes  a  temperature  reduction  of  the  object 
placed  on  it  down  to  -25°  is  shown  in  Figure  137. 


Figure  137-  A  t ransmi tted- 1 i ght  mi rcoscope 
stage  with  liquid  neat  removal. 

In  contrast  to  the  stage  described  above  in  which  heat  removal  from 
the  hot  junctions  of  the  thermoelements  was  accomplished  by  convection  to 
the  surrounding  medium  and  to  the  frame  of  the  microscope,  the  design  of 
this  stage  provides  for  water  cooling  of  the  hot  junctions  of  the  thermo¬ 
elements.  Channels  6,  through  which  the  cooling  water  passes,  are  placed 
directly  in  the  hot  connecting  plates  7,  which  form  the  base  of  the  stage. 
Two  thermoelements  4  are  mounted  on  three  plates.  The  cold  junctions  of 
the  thermoelements  are  connected  by  two  se.ni -circular  connecting  plates  3, 
which  are  equipped  with  straight-through  aperture  8  in  the  middle  for 
transmitted  light  from  the  microscope  light  source.  The  slide  with  the 
object  under  investigation  is  placed  on  the  upper  connecting  plates. 

The  current  supply  is  delivered  through  teminals  1,  which  are  also 
equipped  with  nipples  2  for  water  input  and  output.  The  individual 


elements  of  the  stage  are  mechanically  attached  with  epoxy  resin  5.  At 
a  current  of  20  a,  the  required  power  equals  3  w.  The  water  consumption 
rate  is  250  cm3/min.  Stage  dimensions  are  diameter  50  mm,  height  15  mm. 
The  weight  is  110  g  . 

An  overall  view  of  a  stage  of  this  type  is  shown  in  Figure  138. 
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Figure  138.  An  overall  view  of 
a  transmi tted- ) i ght  microscope 
stage  with  liquid  heat  removal. 

In  1904  a  second  design  version  of  a  microscope  stage  for  transmitted 
light  with  liquid  heat  removal  was  developed.  In  contrast  to  the  first 
version,  in  this  device  the  operating  height  was  reduced  by  more  than 
two  times,  i.e.,  the  height  between  the  plane  of  the  object  investigated 
and  the  base  of  the  stage.  This  permits  conducting  investigations  at 
greater  magnifications  than  with,  the  first  version.  In  addition,  the 
design  of  the  stage  permits  sealing  the  area  of  the  location  of  the  slide 
and  the  cooled  object,  which  excludes  misting  of  the  latter.  A  micro¬ 
thermistor  is  installed  on  the  cold  junction  in  order  to  measure  the 
temperature.  Figure  139  shows  a  section  of  this  version  of  the  stage. 

Base  1,  which  is  formed  of  copper,  consists  of  two  polycylinders 
2  and  3,  which  are  insulated  from  each  other.  Semiconductors  4,  which 
form  the  thermoelement,  are  mounted  in  a  recess  in  the  base.  In  order  to 
provide  mechanical  strength  for  this  structure,  each  arm  of  the  thermo¬ 
element  consists  of  two  paral lei -connect ed  semiconductors.  Collector  5 
of  the  cold  junctions  is  a  chromed  copper  disk  with  an  aperture,  on  which 
slide  6  is  placed  which  contains  the  object  under  investigation.  Heat 
removal  from  the  hot  junctions  of  the  thermoelement  is  accomplished  by 
running  water,  which  flows  through  annular  channel  7,  formed  within  the 
base.  The  water  input  and  output  are  accomplished  through  two  nipples  8. 
Current  supply  to  the  stage  is  accomplished  through  terminals  9,  which 
are  installed  on  two  sides  of  the  base.  The  MKMT-16  microthermistor  10, 
the  leads  of  which  are  connected  to  two  screws  11,  measures  the  temperature 
of  the  cold  junction  collector. 


Figure  139-  A  section  of  the  third  version  of 
the  t ransm i t ted- I i gh t  microscope  stages  wi tn 
liquid  heat  removal . 


Special  aluminum  cylinder  12,  which  is  housed  in  a  thin  resin  tube, 
serves  to  seal  the  internal  volume  of  the  stage  in  order  to  prevent 
misting  of  the  slide.  The  other  end  of  the  tube  is  covered  by  the  object¬ 
ive  tube  of  the  microscope.  I  he  lower  end  of  the  aperture  in  the  stage 
is  also  sealed  by  glass  13.  In  order  to  provide  the  structure  with 
mechanical  stability,  the  stage  p.iits  are  filled  with  white-decorative 
epoxy  resin  14. 

An  overall  view  of  this  type  of  stage  is  shown  in  figure  140. 

The  basic  stage  data  are  shown  below. 


Operating  current  20  a 

Voltage  drop  0.1  v 

Power  requirement  2  w 

Operating  temperature  range  provided  by  the 
stage  tat  a  water  system  heat  removal 

temperature  of  18°]  -25  to  +50° 

Water  consumption  rate  in  the  heat  removal  system  IS  2/ h 
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Dimensions:  diameter 

60  mm 

height 

16  mm 

Stage  operating  height 

12  mm 

Weight 

ISO  g 

fiv  A  PTTTPS 


NOT  REPRQDlTCIBLi: 


Figure  1 40 .  An  overall  view  of  the 
third  version  of  the  transmitted- 
light  microscope  stage. 


Figure  141  shows  a  fourth  design  version  of  a  thermoelectric  micro¬ 
scope  stage,  which  provides  for  operation  in  reflected  light . 


Section  AOB 


Figure  141.  A  section  of  the 

microscope  stage  for  reflected- 
I  i  gh  t  obse  rva  t i on  . 


' 

’  r 
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In  this  stage  thermoelements  1  are  mounted  on  hot-connecting 
plates  2  which  have  an  annular  channel  3  for  the  passage  of  cooling  water; 
upper  plate  4,  which  forms  the  operating  surface  of  the  stage  is  connected 
to  the  cold- junctions  of  the  thermoelement,  lhc  current  supply  is 
provided  through  terminals  5,  soldered  to  two  nipples  b,  which  are  the 
connections  for  water  input  and  output.  The  leads  of  the  coppe’-- 
constantan  thermocouple  art  extended  to  two  connecting  screws  7.  The 
thermocouple  serves  to  control  the  temperature  of  the  operating  stage. 

The  basic  parameters  of  the  stage  of  this  type  are  shown  below. 


Maximum  temperature  difference  (.at  a  water 

temperature  of  18°)  40° 

Operating  current  which  provides  the  maximum 

temperature  difference  45  a 

Tower  requirement  3  w 

Dimensions:  height  18  mm 

diameter  55  mm 

Weight  134  g 


An  overall  view  of  the  ref lccte J- 1 ight  microscope  stage  is  shown  in 
figure  142. 


'^GRAPHICS 
.N  OT^REPRODU  CIBLE 

Figure  142.  An  overall  view  of 
the  microscope  stage  for 
observations  in  reflected 
light. 
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CHAPTER  XV.  Thermoelectric  Conditioners  and  Domestic  Ref r iqera'ors 


In  1949  the  Academician  A.  I- .  Ioffe  suggested  for  the  first  time 
the  utilization  of  the  thermoelectric  cooling  effect  for  purposes  of 
heating  and  cooling  the  air  in  official  and  domestic  areas.  for  example, 
if  a  thermoelectric  pi  1c  is  located  in  the  walls  cf  a  building  so  that 
the  hot  junction  radiators  are  located  within  the  room,  and  the  cold 
junction  radiators  are  located  on  the  "street1- ,  then  the  cold  radiators 
of  the  thermopile  will  absorb  heat  from  the  cold  "street"  air,  while 
cooling  it  still  further,  and  the  hot  junction  radiator-  of  the  tlr  mop  lie 
will  release  tins  heat  inside  the  room.  In  tins  manner  the  thermoelectric 
pile  provides  a  transfer  of  heat  from  a  low -temperature  medium  to  a  higher- 
temperature  medium,  i.e,,  it  fulfills  the  role  of  a  heat  pump. 

The  reversibility  of  a  thermoelectric  pile,  i.e.,  the  possibility  of 
transferring  the  pile  from  the  heating  to  the  cooling  regime  by  simply 
reversing  the  direction  of  the  direct  current  permits  utilization  of  the 
pile  for  cooling  a  room  as  well,  at  the  expense  of  heating  the  "street" 
air.  The  system  described  of  utilizing  a  thermopile  for  heating  and 
cooling,  i.e.,  air-conditioning  in  room:-,  provides  for  the  use  of  air 
as  an  operating  medium.  However  in  a  number  of  cases  water,  which 
flows  through  the  heat  removal  circuit,  is  the  operating  medium. 

Thermoelectric  conditions  may  operate  with  a  thermodynamic  efficiency 
of  more  than  100'..  This  means  that  if,  for  example,  100  watts  of  electri¬ 
cal  power  delivered  to  t'ae  thermopile,  we  obtain  in  the  room  200-300  w. 

( 1 ) .  Natural ly ,  there  is  no  violation  of  thermodynamic  laws  here,  since 
100  watts  of  energy  have  entered  the  room,  released  in  the  thermopile  in 
the  form  of  Joule  heat  and  Peltier  heat ,  and  the  remaining  100-200  watts 
of  heat  are  transferred  from  the  "street".  This  supplementary  heat  again 
returns  to  the  "street"  as  t  result  of  imperfect  thermal  insulation  in 
the  building  walls. 
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In  thermoelectric  instrument  construction  technology,  the  work 
increasingly  involves  the  development  of  thermoelectric  conditioners  of 
diverse  types  for  both  official  and  domestic  purpose 

SI.  Conditioners  for  Official  Purposes 

Transportation  workers  display  the  greatest,  interest  in  thermo¬ 
electric  air-conditioners.  In  fact,  air-conditiu/.-'cs  employed  in  maritime, 
railroad,  air  and  automobile  transportation  facilities  are  primarily 
intended  for  the  establishment  of  comfoitable  conditions  for  the  passen¬ 
gers  and  service  personnel.  A  number  of  specific  requirements  have  been 
established  for  air-conditioners,  which  are  determined  by  operational 
conditions.  In  particular,  these  requirements  include:  quiet  operation, 
long  service  life,  resistance  to  vibrational  and  shock  loads,  operational 
capability  while  tilted  or  while  rolling  to  a  significant  extent,  minimum 
time  to  establish  normal  operation,  simplicity  and  reliability  in  con¬ 
struction  and  a  number  of  other  factors.  Air-conditioners  based  on  the 
thermoeleectric  effect  with  semiconductors  fully  satisfy  all  these 
conditions . 

During  the  period  from  1961  to  1965,  a  number  of  organizations  in  the 
Soviet  Union  carried  on  developmental  work  involving  thermoelectric  air- 
conditioners  for  the  passenger  cabins  of  ships,  for  railway  compartments 
and  for  other  purposes.  The  basic  parameters  of  these  conditioners  are 
shown  in  Table  22. 


Table  22 


The  Basic  Parameters  of  Domect i cal  I y-Manuf actured  Thermoelectric 

Ai r-condi tioners 


Ref  r i g- 
Conditioner  erating 
type  capacity, 
_ kCal/h 


TLZ-25 

150 

kr-oa 

350 

KR-1 

1000 

-- 

1600 

KR-2 

2000 

KR-3 

3000 

Heat  removal 
sys  tem 


Purpose 


ai r-ai r  Uni versal 

Air-conditioning  in  railway 
car  compartments. 

“  "  Temperature  stabilization  in 

radioelectroni c  equipment. 

"  "  Air-conditioning  in  railway 

car  compartments. 

"  "  Temperature  s tabi 1 i zat ion  of 

radloelectronlc  equipment. 

”  i!  Temperature  stabilization  of 

radloelectronlc  equipment. 

continued  on  next  page 
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Table  22  continued. . . 


Ref r i g- 
Condi tioner  erating 
type  ■  capac i ty  . 

1  kCal./h 

Heat  removal 
sys  tern 

Purpose 

KS-6 

6000 

Water-ai r 

Air-conditioning  in  ship 

passenger  cabins. 

KS-9 

8000 

It  II 

AGT-1 

<*000 

Wa  te  r-wa  te  r 

Intensive  hypothermia  during 

surgical  operations. 

; 

NOTE.  The  conditioners  listed  in  the  table  were  developed  at  the  SKB 
[Special  Design  Office]  of  semiconductor  instruments  of  the  Ministry  of 
Instrument  Manufacturing,  Automation  Methods  and  Control  Systems  of  the 
USSR,  at  the  Power  Engineering  Institute  of  the  Academy  of  Sciences  of 
the  Latvian  SER,  and  at  the  Odessa  Technological  Institute  of  the  Food 
and  Refrigeration  Industries. 


The  operational  effectiveness,  design,  weight  and  overall  size  character¬ 
istics  of  thermoelectric  air-conditioners  depend  to  a  large  extent  on  the 
system  of  heat  removal  from  the  hot  junctions  of  the  thermopile.  Condi¬ 
tioners  intended  for  use  by  the  sea  and  river  fleets  have,  as  a  rule,  a 
liquid  heat  removal  system.  Here  fresh  water  (condensate)  or  sea  water 
is  employed  as  an  operating  liquid. 

A  diagram  of  a  conditioner  with  liquid  heat  removal  is  shown  in 
Figure  143. 


Figure  l<*3-  A  diagram  of  the  construction 
of  a  thermoelectric  a i r-condi t i cner  using 
the  air-water  system. 
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A  system  of  heat  exchange  (radiator)  plates  2  extends  from  the  side 
of  the  cold  junctions  of  thermop;le  1.  Air  is  forced  through  the  radiator 
system  by  means  of  fan  3.  The  ^r  intake  from  the  outside  is  accomplished 
through  opening  4,  and  the  exhaust  of  cooled  or  warmed  air  is  accomplished 
through  opening  5.  The  hot  junctions  of  the  thermopile  have  an  extended 
system  of  heat  removal,  which  is  submerged  in  running  water.  The  water  is 
transferred  by  pump  6.  In  constructions  using  a  liquid  heat  removal  sys- 
tem,  it  is  necessary  to  take  into  consideration  the  possibility  of  water 
electrolysis  (in  particular,  with  sea  water)  under  the  influence  of  the 
voltage  applied  to  the  thermopile.  In  this  connection,  the  sides  of  the 
hot  junctions  of  the  individual  thermoelements  must  be  electrically  insul¬ 
ated  from  the  cooling  liquid  (see  Part  II,  Chapter  VI,  §3). 

Ship  air-conditioners,  developed  in  the  USSR;  have  refrigerating 
capacities  from  400  to  17,000  kCal/h.  Abroad,  in  particular,  in  the  USA 
and  in  Japan,  a  great  deal  of  attention  has  been  devoted  to  the  develop¬ 
ment  of  thermoelectric  air-conditioners  for  submarines.  This  interest  is 
completely  understandable,  since  a  contemporary  submarine  operates  for 
long  periods  of  time  atonomously  both  on  the  surface  and  under  water,  which 
requires  the  estahlishement  of  normal  living  and  working  conditions  for  the 
crew.  The  use  of  compressor  conditioners  in  submarines  is  ex*,  vmely  unde¬ 
sirable,  for  they  create  noise,  cease  operating  during  rolling  and  tilting 
and  most  importantly,  employ  freon  as  a  transfer  agent.  The  leakage  cT 
freone  into  the  atmosphere  of  a  submarine  (under  emergency  conditions)  is 
completely  inadmissible.  According  to  foreign  press  data,  the  employment 
of  thermoelectric  air-conditioners  in  submarines  is  quite  important  and 
promising . 

Thermoelectric  conditioners  with  air  heat  removal  from  the  hot  junct¬ 
ions  of  the  thermopile  are  intended  for  use  in  railway  transportation  fac¬ 
ilities  to  establish  comfortable  conditions  in  railway  car  compartments,  to 
reduce  the  temperature  in  the  operators  cab  of  a  traveling  crane  in  "hot 
shops",  in  tractor  cabins,  in  buses  and  in  light  motor  vehicles,  i.e.,  in 
all  cases  requiring  the  establishment  of  normal  temperature  conditions  for 
individuals . 

A  diagram  of  a  thermoelectric  conditioner  with  air  heat  removal  is 
shown  in  Figure  144. 

A  radiator  system  is  installed  on  the  sides  of  the  cold  and  hot  junct¬ 
ions  of  thermopile  I.  Air  is  forced  over  the  radiator  systems  by  fans  2 
and  3.  The  external  air  which  passes  through  the  radiator  system  of  the 
hot  side  of  thermopile  4  is  exhausted  to  the  outside.  Air  in  the  cold 
circuit  is  forced  through  the  radiator  system  of  the  cold  junctions  of 
the  thermopile  by  fan  3  and  enters  the  operating  area. 
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Figure  144.  The  construction  of  a 
thermoelectric  conditioner  which 
employs  the  air-air  system. 

Comprehensive  testing  of  one  type  of  thermoelectric  conditioner 
with  arefrigerating  capacity  of  350  kCal/h,  intended  to  provide  comfortable 
conditions  in  a  railway  car  compartment,  was  accomplished  at  the  Power 
Engineering  Institute  of  the  Academy  of  Sciences  of  the  Latvian  SSR.  Two 
independent  fans  forced  air  at  a  temperature  of  25°  through  the  radiator 
system  of  the  cold  and  hot  junctions  of  the  thermopile  with  flow  rates 
of  150  and  22S  kg/h,  respectively.  The  basic  operating  parameters  of 
the  conditioner  were  determined  for  the  cooling  and  heating  modes  as  a 
function  of  the  value  of  the  supply  current  to  the  thermopile. 

It  is  apparent  from  an  examination  of  the  curves  shown  in  Figures 
145  and  146  that  in  the  cooling  mode,  the  maximum  refrigerating  capacity 
Q0  attains  the  value  370  kCal/h  with  a  current  of  220  a.  Here  AT  =  17° , 

and  the  coefficient  of  performance  c  =  0.5.  In  the  heating  mode,  with 
the  same  current  of  220  a,  heat  output  attains  a  value  of  1,040  kCal/h, 

with  a  temperature  difference  of  AT1  =  29°  and  the  coefficient  of  per¬ 
formance  u  1.6. 

Thus  it  may  be  concluded  that  even  now  the  utilization  of  thermo¬ 
electric  air-conditioners  in  railway  transportation  facilities  on  several 
routes  in  the  central  area  of  the  country  is  technically  advantageous  and 
economically  justified  but  notwithstanding  the  fact  that  the  coefficient 
of  performance  of  a  thermoelectric  conditioner  is  somewhat  lower  than  that 
for  compressor  conditioners.  However,  the  high  coefficient  of  performance 
of  a  thermoelectric  conditioner  in  the  heating  mode  makes  its  significantly 
more  economical  than  the  method  of  electrical  heating  usually  employed. 
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Preliminary  calculations  reveal  that  the  thermoelectric  conditioner,  in 
so  far  as  the  total  energy  requirement  is  concerned  (in  both  operating 
modes),  will  be  20-30*  more  economical  than  a  system  of  electrical  heating 
and  refrigeration. 


Figure  IA5.  Air-conditioner  load 
characteristics  for  an  air-air 
system  in  the  cooling  mode. 


Figure  146.  Air-conditioner  load 
characteristics  for  an  air-air 
system  in  the  heating  mode. 


Tests  of  a  thermoelectric  conditioner  with  liquid  heat  removal  from 
the  thermopile  hot  junctions  were  conducted  at  the  Odessa  Technical 
Institute  of  the  Food  and  Refrigeration  Industry.  The  conditioner,  which 
was  developed  at  this  institute,  was  designed  to  provide  comfortable 
conditions  in  the  passenger  cabins  of  sea  and  river  vessels.  The  results 
of  conditioner  tests  in  the  cooling  mode  are  shown  in  Figure  147.  The 
temperature  difference  (AT),  coefficient  of  performance  (s),  and  the 
refrigerating  capacity  (Q)  as  functions  of  the  value  of  the  current 
supply  (I)  to  the  thermopile  are  shown.  All  curves  were  obtained  with  a 
water  temperature  in  the  heat  removal  system  of  251"  and  air  input  tempera¬ 
ture  to  the  conditioner  of  30°.  With  a  current  of  150  a  and  a  refrigera¬ 
ting  capacity  of  approximately  1,000  w,  the  temperature  difference  between 
the  input  and  the  output  air  flow  of  the  conditioner  was  AT  =  10.6°,  with 
a  coefficient  of  performance  of  e  =  2.1. 
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Figure  1^7.  Ai r-condi tioner  load 

characteristics  for  an  air-liquid 
system  in  the  cooling  mode. 


It  is  apparent  from  a  comparison  of  the  test  results  shown  above 
that  thermoelectric  conditioners  for  official  purposes  which  operate  on 
the  water-air  system  arc  more  effective  than  conditioners  which  operate  on 
the  air-air  system. 

§2.  Conditioners  for  Domestic  Purposes 

As  wc  have  pointed  out  previously,  the  thermoelectric  heat  pump  is 
capable  of  warming  a  room  at  the  expense  of  cooling  the  "street"  or  of 
reducing  the  temperature  of  a  room  at  the  expense  of  heating  the  "street". 
The  transition  from  the  "heating"  to  the  "cooling"  mode  is  accomplished 
simply  by  switching  the  polarity  of  the  direct  current  to  the  thermopile. 
This  creates  very  tempting  possibilities  for  the  development  of  thermo¬ 
electric  heating-cooling  assemblies  for  domestic  needs.  The  basic 
research  ard  experimental-design  work  in  the  development  of  thermoelectric 
heating-cooling  assemblies  for  living  areas  was  concentrated  within  the 
Semiconductor  Heat-Pump  Laboratory  (LPTN) ,  where  under  the  direction  of 
S.  M.  Lukomskiy,  several  types  of  devices  designed  to  provide  heating  for 
living  quarters  in  the  winter  and  cooling  for  these  quarters  in  the  summer 
were  developed.  Heating-cooling  assemblies  of  various  refrigerating 


,  * 
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capacities  from  2S0  to  3,000  kCal/h  and  employing  water  or  air  as  the 
operating  medium  were  developed. 

Figure  148  shows  an  assembly  with  a  refrigerating  capacity  of  200 
kCal/h,  developed  at  the  LPTN  and  manufactured  at  the  "Santekhnika" 
factory.  This  assembly  is  intended  to  provide  normal  year-round  tempera¬ 
ture  in  small  living  quarters.  The  thermoelectric  pile  consists  of  five 
sections  of  10  thermoelements  each.  Thus  the  refrigerating  capacity  of 
one  section  equals  approximately  40  kCal,'h.  The  cold  and  hot  junctions 
of  the  thermoelements  are  equipped  with  a  system  of  radiator  plates 
enclosed  in  two  housings  which  form  the  cold  and  hot  channels  for  the 
air,  which  is  forced  through  them  by  two  independent  fans.  In  the  heating 
mode  the  coefficient  of  performance  of  the  assembly  was  2.5.  The  cost 
of  the  electrical  energy  required  from  the  line  by  the  thermoelectric 
heating-cooling  assembly  with  a  refrigerating  capacity  of  200  kCal/h 
is  equal  to  only  0.67  kopeks,  i.e.t  equal  to  the  cost  of  the  energy 
obtained  from  GRES  [State  Area  Power  Plant] .  Mere  it  is  necessary  to 
consider  that  in  contrast  to  TETs  [Heating  and  Power  Plant]  ,  which  provides 
only  area  heating,  the  thermoelectric  assemblies  also  make  it  possible 
to  cool  these  areas  in  the  summer.  With  a  temperature  difference  of  10° 
between  the  input  and  output  of  a  heating-cooling  assembly,  the  use  of 
thermoelectric  assemblies  is  already  considered  to  be  economically 
advantageous  for  practically  all  areas  of  the  USSR.  In  fact,  when 
assemblies  are  employed  which  operate  on  the  air-air  system  with  an 
ambient  temperature  of  30°,  the  temperature  in  the  living  quarters  will 
be  maintained  at  a  level  of  20° . 
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Figure  148.  An  overall  view  of  a  thermo¬ 
electric  conditioner  for  living 
quarters  with  a  refrigerating  capacity 
200  kCal/h . 


In  utilizing  assemblies  employing  liquid,  a  temperature  of  25°  as  an 
operating  medium  (a  higher  water  supply  temperature  is  practically  non¬ 
existent  at  any  point  in  the  Soviet  Union),  the  temperature  in  the  living 
quarters  may  he  maintained  at  a  level  of  15°.  The  examples  cited  of  oper¬ 
ational  tests  of  thermoelectric  heating-cooling  assemblies  indicate  that 
these  assemblies  are  already  competitive  with  the  usual  methods  of  heating 
living  quarters. 

§3.  High-Capacity  Domestic  Refrigerators 

As  is  known,  ordinary  refrigerators  are  articles  of  a  mass  demand  and 
are  produced  by  industry  in  large  quantities.  At  the  present  time  compress¬ 
or  refrigerating  assemblies  or  absorption  devices  are  usually  employed  in 
ordinary  refrigerators. 

Compressor  refrigerators  are  the  most  widely  employed  type.  However 
they  possess  a  number  of  defects,  which  include  the  following: 

1)  a  limited  period  of  service,  which  is  associated  with  the  presence 
in  the  compressor  of  moving  parts,  subject  to  wear,  and  the  use  of  volatile 
refrigerants,  such  as  freon,  which  produce  corrosion; 

2)  the  relative  complexity  of  the  manufacture  of  the  compressor 
assembly,  which  leads  to  its  high  cost; 

3)  the  significant  size  and  dimensions  of  the  compressor,  which  make 
it  necessary  to  increase  the  size  of  the  refrigerator  cabinet. 

The  basic  shortcoming  of  refrigerators  employing  the  absorption 
principle  is  lack  of  economy  due  to  large  electrical  energy  requirements. 

The  concept  of  developing  a  thermoelectric  domestic  refrigerator 
arose  at  the  very  beginning  of  the  development  of  thermoelectric  cooling 
technology.  The  first  work  in  this  field  goes  back  to  1951.  Several 
models  of  thermoelectric  refrigerators  with  water  and  air  heat  removal 
from  the  hot  junctions  of  the  thermoelectric  piles  were  developed  in  re¬ 
cent  years  at  the  Semiconductor  Institute  of  the  Academy  of  Sciences  of 
the  USSR.  The  problem  of  heat  removal  in  thermoelectric  domestic  refrig¬ 
erators  acquires  special  importance  in  connection  with  the  fact  that 
large  quantities  of  heat  are  released  on  the  hot  junctions  of  the  thermo¬ 
pile,  which  must  be  effectively  removed.  The  heat  removal  system  using 
running  water  has  not  been  widely  employed  due  to  a  number  of  operating 
conveniences, . which  are  associated  with  the  necessity  for  providing 
continuous  water  delivery  to  the  refrigerator. 
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jn  1955  and  1950  experimental  models  of  theimoelect ric  refrigerators 
were  developed  with  air  heat  removal  to  a  system  of  radiators.  However, 
notwithstanding  a  number  of  incontrovertahlc  advantages,  these  refrigera¬ 
tors  were  not  widely  employed  due  to  the  insignificant  volume  of  the 
operating  chamber  (.40  liters). 

On  the  basis  of  experience  gained  in  previous  developments,  in  1957 
a  high-volume  thcrmoclect ri c  refrigerator  was  developed  which  employed 
air  radiators  to  remove  heat  from  the  thermopile.  This  refrigerator, 
in  operational  and  heat-engineering  properties,  already  approached  the 
level  of  contemporary  refrigerators  of  the  absorption  type. 

An  analysis  of  the  operation  of  a  number  of  foreign  and  locally- 
produced  compressor  and  absorption  domestic  refrigerators,  conducted  by 
V.  A.  Nayer,  revealed  that  with  an  operating  chamber  of  volume  of  less 
than  40  liters,  thermoelectric  refrigerators  employing  semiconductor 
materials,  having  v  =  1.8*10  1  deg  1 ,  possess  a  higher  coefficient  of 
performance  than  compressor  refrigerators.  With  operating  chamber 
volumes  up  to  100  liters,  thermoelectric  refrigerators,  economically 
speaking,  may  surpass  refrigerators  of  the  absorption  type,  but  lag 
behind  compressor  refrigerators  (figure  149). 


Figure  1^9.  Dependence  of  the  coefficient 
of  performance  on  operating  chamber 
volume  for  various  types  of  domestic 
refrigerators:  compressors  (1), 
semiconductor  (2),  absorption  (3). 


However,  structural  simplicity,  the  lack  of  moving  parts,  and  the 
practically  unlimited  period  of  service  resulting  from  a  lack  of  substances 
causing  corrosion,  it  lias  an  insignificant  cost  during  mass-production 


make  the  thermoe lect ri c  refrigerator  a  serious  competitor  for  refrigera¬ 
tors  of  the  absorption  and  compressor  types.  With  an  improvement  in  the 
figure  of  merit  of  semiconductor  substances,  more  economical  models  will 
certainly  be  developed,  which  in  t he  final  analysis  will  displace  all 
other  types  of  domestic  refrigerators.  In  this  connection  the  clarifi¬ 
cation  of  problems  in  design  and  in  manufacturing  technology,  . nd  also 
the  problem  of  obtaining  full  operational  data  for  thermoelectric 
refrigerators  arc  quite  pressing  and  appropriate, 

A  model  1957  thermoelectric  refrigerator  was  developed  on  the  basis 
of  a  standard  cabinet  of  the  refrigerator,  in  which  the  thickness 

of  the  thcrmoinsulation  was  increased  to  100  mm.  Mipora  was  used  as  the 
insulating  material.  Due  to  the  increased  thermal  insulation,  the 
internal  volume  of  the  refrigerator  chamber  proved  to  be  91  liters. 

The  internal  chamber  of  the  refrigerator  was  divided  by  a  horizontal 
partition  into  two  parts;  the  upper  and  the  lower  (figure  150).  The 
temperature  in  the  upper  chamber  was  reduced  to  3-5°,  which  is  quite 
sufficient  for  the  preservation  for  such  products  as  meat,  wine,  mild, 
fruit,  etc.  In  the  lower  chamber,  the  temperature  reduction  was  -4  to 
-6s,  which  provides  for  the  storage  of  meat,  sausage  and  other  meat 
products.  In  order  to  reduce  heat  losses  during  opening  of  the  refrig¬ 
erator  door,  the  lower  chamber  was  equipped  with  an  additional  door, 
which  is  open  to  secure  access  to  this  chamber. 

The  structural  configuration  of  the  air  radiators  required  the 
placement  of  the  thermoelements  in  the  lower  part  of  the  refrigerator 
cabinet,  and  the  radiators  had  to  placed  along  the  entire  rear  wall  of 
the  refrigerator.  Since  natural  convection  air  transfer  in  the  internal 
chamber  of  the  refrigerator  was  not  significant,  temperature  equalizatio; 
between  the  lower  and  upper  chambers  was  to  a  certain  extent  determined 
by  the  heat  conductivity  of  aluminum,  which  was  the  construction  material 
for  the  internal  chamber. 

Earlier  designs  for  thermoelectr ic  domestic  refrigerators  employing 
air  for  heat  removal  were  equipped  with  thermopiles  consisting  of 
several  hundred  thermoelement'  which  required  a  great  expenditure  in 
scarce  semiconductor  materials  for  their  manufacture.  The  thermoelectric 
piles  of  these  refrigerators  were  made  in  the  form  of  a  single  unit, 
in  which  the  failure  of  even  one  thermoelement  necessitated  a  complete 
overhaul  of  the  entire  pile. 
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Figure  150.  A  section  of  a  model 
1957  thermoelecrri c  domestic 
ref ri gerator . 


In  the  refrigerator  described,  the  required  refrigerating  capacities 
provided  by  a  total  of  45  thermoelements.  The  thermoelement  (Figure  151) 
are  constructed  in  the  form  of  separate  sub-assei..blies ,  consisting  of 
semiconductor  alloys  of  n-  and  p-type  conductivity  1  and  2,  copper  heat 
conductors  3,  hot  radiators  4  and  cold  radiators  5.  An  individual 
refrigerating  element  possesses  a  refrigerating  capacity  of  approximately 
0.4  kCal/h.  The  design  of  the  thermoelement  completely  eliminates 
parasitic  heat  losses  between  the  cold  and  hot  radiators,  which  is 
accomplished  by  direct  soldering  of  all  junctions  in  the  areas  a-d.  This 
thermoelement  construction  permits  checking  the  quality  and  replacing 
individual  elements  independently  of  the  remainder,  which  is  quite 
important  during  checking  of  the  thermoelectric  pile  in  the  process  of 
assembly  and  during  possible  repairs  under  operating  conditions.  During 
refrigerator  assembly  the  individual  thermoelements  are  installed  in 
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appropriate  recesses  which  are  located  on  the  rear  wall  of  the  chamber, 
to  which  the  fan-shapeu  air  radiators  have  been  previously  attached. 
Soldering  of  the  thermoelements  to  the  hot  and  cold  radiator  fins  is 
accomplished  with  special  solders  having  low  melting  points. 


Figure  151-  The  thermoelement 
junction  of  a  model  1957 
domestic  refrigerator. 


The  electrical  supply  for  the  refrigerator  is  obtained  from  a 
rectifier  which  is  mounted  in  the  lower  part  of  the  refrigerator  cabinet 
The  optimum  current  value  which  corresponds  to  the  maximum  refrigerating 
capacity  is  2S  a;  the  voltage  drop  on  the  thermoelectric  pile  is  3.3  v. 
The  rectifici  consists  of  two  VG-50-1S  germanium  diodes,  connected  in  a 
full-wave  circuit. 

Germanium  diodes  require  air  cooling,  which  is  provided  by  natural 
air  convection  in  the  rectifier  section.  With  a  rectifier  efficiency  of 
80- 85%,  the  electrical  energy  required  by  the  refrigerator  from  the 
alternating  current  line  is  90-100  w.  Figure  152  shows  an  overall  view 
of  the  refrigerator. 
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Figure  152.  An  overall  view  of  the 
model  1957  domestic  refrigerator. 


In  1959-1961  I.  V.  Zorin,  V.  P.  Rybal  'cher.ko  and  A.  G.  Shcherbina 
developed  three  types  of  thermoelectric  domestic  refrigerators  under 
the  names  "iceberg-1",  "iceberg-2"  and  "iceberg-3".  These  refrigerators 
have  operating  chambers  from  90  ("iceberg- 1 ")  to  125  liters  ("iceberg-5"). 
Heat  removal  from  the  thermoelectric  piles  in  all  three  types  is  accom¬ 
plished  by  a  system  of  air  radiators,  distributed  along  the  rear  wall  of 
the  refrigerator  cabinet.  In  contrast  to  the  model  1957  refrigerator 
described,  the  "iceberg"  air  radiator  system  has  an  area  of  5  m?  instead 
of  6  nr' .  As  a  result  of  the  more  closely  spaced  distribution  of  radiator 
fins  and  a  reduction  in  the  thickness  of  the  fin  from  2  to  1  mm,  the 
dimensions  of  the  radiator  system  were  significantly  reduced.  The 
radiator  system  of  the  model  1957  refrigerator  was  distributed  along  the 
entire  rear  wall  of  the  refrigerator  cabinet,  whereas  the  "iceberg" 
refrigerator  radiators  occupy  only  one  fourth  of  the  area  of  the  rear 
wall.  In  order  to  improve  heat  transfer  between  the  fins  and  the 
surrounding  air  the  radiator  system  is  enclosed  on  the  sides  with  a 
special  foam  plastic  ventillator  housing.  The  presence  of  the  housing 
creates  an  additional  convectionai  air  flow  along  the  fins,  as  a  result 
of  which  the  radiator  temperature  is  further  reduced  by  3-4°. 


Due  to  the  more  efficient  system  of  heat  removal,  the  thermoelectric 
pile  was  successfully  placed  in  the  upper  part  of  the  refrigerator 
operating  chamber,  which  resulted  in  a  more  even  temperature  distribution 
in  the  operating  volume.  Thermoelements  of  smaller  size  were  used  in  the 
"iceberg"  refrigerators,  as  a  result  of  which  the  consumption  of  semi¬ 
conductor  materials  was  reduced  to  200  g  for  the  entire  thermopile. 

The  voltage  supply  for  the  thermopiles  of  the  "iceberg"  refrigera¬ 
tors  is  3.3  v  at  a  current  of  26  a.  The  rectifier  for  the  thermoelectric 
pile  supply  is  a  full-wave  circuit  employing  V(j-S0-15  germanium  diodes. 

A  filter  choke,  mounted  in  the  rectifier  section,  serves  to  smooth 
rectified  current  ripple.  In  all  types  of  "iceberg"  refrigerators  the 
rectifier  is  situated  in  the  lower  part  of  the  refrigerator  cabinet. 

With  a  rectifier  efficiency  of  SO'o ,  the  power  required  by  the  refrigera¬ 
tor  from  the  alternating  current  line  is  103  w. 

In  critical  analyzing  widely-accepted  requirements  which  are 
applicable  to  domestic  refrigerators  of  any  type,  the  author  came  to 
the  following  conclusions. 

1.  The  temperature  conditions  which  must  be  established  in  the 
operating  chamber  of  a  refrigerator  are  established  in  agreement  with 
the  assertion  that  a  refrigerator  is  intended  for  the  storage  of  products. 
Based  on  this,  it  was  established  that  for  the  storage  of  meat,  fresh 
fish,  dressed  poultry,  caviar  and  smoked  foods,  a  temperature  range  of 

-2  to  0°  is  required.  The  storage  temperature  for  butter,  boiled  butter, 
rendered  fat,  sour  cream  and  cottage  cheese  is  established  at  0-4°. 
fruit  and  vegetables  must  be  stored  at  a  temperature  of  3-7°.  The  values 
of  the  temperatures  indicated  do  not  cause  any  doubt,  however,  domestic 
refrigerators  are  usually  employed  not  for  extended  product  storage  but 
for  their  temporary  preservation.  In  fact,  in  the  overwhelming  majority 
of  cases  a  given  food  product  will  remain  in  the  refrigerator  for  one  or 
two  days.  In  rare  cases  this  may  amount  to  two  or  three  days.  With 
such  short  periods  of  preservation,  meat  products,  for  example,  may  be 
quite  safely  stored  not  at  a  temperature  of  -2  to  0°,  but  at  a  temperature 
of  +3-5°.  The  same  considerations  apply  to  the  temperature  range  for 
the  storage  uf  other  products,  which  may  be  raised  to  a  range  of  +8-+100. 
It  must  be  noted  that  practically  all  industrially-produced  refrigerators, 
both  compressor  and  absorption  types,  freeze  the  products  to  a  certain 
extent,  which  causes  a  deterioration  in  their  taste  and  nutritious 
properties . 

2.  The  "freezing  compartment"  of  any  refrigerator,  where  the  tempera¬ 
ture  range  is  from  -11  to  -9.5°,  is  practically  never  used. 
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If  we  agree  with  the  conclusions  reached  above,  we  may  examine  the 
requirements  established  for  thermoelectric  domestic  refrigerators  from 
a  new  point  of  view.  A  temperature  range  of  +3  to  +5°  in  the  lower 
100-liter  chamber  and  +6  to  +8°  in  the  upper  part  of  the  chamber  may  be 
obtained  in  a  refrigerator  in  which  the  thermopile  requires  direct  current 
at  a  power  of  30.-35  w.  In  considering  the  efficiency  of  the  rectifier, 
the  refrigerator  will  require  50-55  w  from  the  line.  This  type  of  thermo¬ 
electric  refrigerator  is  twice  as  economical  as  the  absorption  type  of 
refrigerator  "Leningrad"  and  in  so  far  as  the  energy  requirement  is  con¬ 
cerned,  is  on  a  level  with  the  majority  of  compressor  refrigerators. 

If  we  take  into  consideration  that  all  of  the  advantages  of  thermoelectric 
refrigerators  listed  above  remain  in  force  (structural  simplicity,  long 
service  life,  quiet  operation,  insignificant  cost,  etc.),  the  incontro¬ 
vertible  merit  of  these  refrigerators  are  apparent  even  with  the 
existing  figure  of  merit  for  semiconductors  substances.  In  time,  and 
in  proportion  to  an  increase  in  the  value  z  of  thermoelectric  materials, 
semiconductor  refrigerators  will  continue  to  leave  behind  domestic 
refrigerators  of  all  other  types. 

In  order  to  check  the  considerations  outlined  above,  at  the  end  of 
1965  at  the  Semiconductor  Institute  of  the  Academy  of  Sciences  of  the 
USSR,  a  refrigerator  was  developed  based  on  the  establishment  in  the 
operating  chamber  of  the  temperature  conditions  mentioned  above.  The 
cabinet  from  the  "Dnepr"  refrigerator  was  used  as  a  base.  The  internal 
chamber,  with  a  volume  of  100  liters,  was  constructed  of  aluminum,  1.5  mm 
in  thickness.  The  thickness  of  the  mipora  insulation  layer  was  80  mm. 

The  refrigerator  thermoelectric  pile  consisted  of  IS  thermoelements  in¬ 
stalled  in  one  row  in  the  lower  part  of  the  refrigerator  chamber.  The 
design  of  the  thermoelements  did  not  differ  from  the  design  described 
above  and  employed  in  the  model  1957  refrigerator.  The  rectifier  for 
the  thermopile  supply  was  a  full-wave  circuit  with  VG-10-15  power 
rectifiers  in  the  arms.  Filtering  of  the  rectified  current  was  accomplished 
with  a  filter  chcke.  The  refrigerator  rectifier  was  located  in  the 
lower  part  of  the  cabinet  in  the  area  previously  occupied  by  the 
compressor  assembly.  Heat  removal  from  the  hot  junctions  of  the  thermo¬ 
pile  was  accomplished  with  a  system  of  radiators  located  on  the  rear 
wall  of  the  cabinet.  A  system  of  cold  radiator  plates,  directly  soldered 
to  the  heat  conductors  of  the  thermoelements  was  located  inside  the 
operating  chamber.  The  series  connection  of  the  thermoelements  is 
accomplished  directly  by  the  system  of  radiator  plates  from  the  hot 
side  of  the  thermopile.  In  order  to  improve  heat  transfer  from  these 
surrounding  medium,  the  radiator  system  of  the  hot  junctions  was  enclosed 
in  a  housing  of  decorative  plastic,  which  developed  an  advantageous  air 
flow  along  the  plates.  The  radiator  plates  were  constructed  of  copper, 

1.5  mm  in  thickness,  which  led  to  the  practical  elimination  of  a  parasitic 
temperature  difference  along  the  fins.  The  distance  between  the  fins 
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was  10  mm,  and  fins  length  and  width  was  450  and  50  mm,  respectively. 
Notwithstanding  these  relatively  small  dimensions,  the  fin  temperature 
exceeded  the  temperature  of  the  surrounding  air  by  only  5°. 

Basic  data  for  the  refrigerator  is  shown  below. 


Operating  current  24  a 

Voltage  drop  on  the  thermopile  1.35  v 

Direct  current  power  requirement  32.4  w 

Power  requirement  from  the  line  56  w 

Operating  chamber  volume  100  liters 

Chamber  temperature  along  the  vertical  axis 
(with  a  surrounding  air  temperature  of  +18°) : 
at  a  distance  of  100  mm  from  the  bottom  of 
the  chamber  +3.5° 

in  the  middle  of  the  chamber  +5° 

at  a  distance  of  100  mm  from  the  top  of 
the  chamber  +8° 

Power  consumption  per  liter  of  cooled  volume  0.56  w 

Area  of  the  'cold"  radiators  0.15  m2 

Operating  time  10  hours 

Consumption  of  semiconductor  materials  0.23  kg 


It  is  apparent  from  the  parameters  cited  that  the  thermoelectric 
refrigerator  with  a  "softened"  temperature  range  in  its  basic  parameter, 
power  consumption  per  liter  of  operating  chamber  volume,  surpasses  not 
only  absorption  refrigerators  of  the  "Leningrad"  and  "Gzoapparat"  types, 
but  also  many  compressor  refrigerators,  approaching  in  this  parameter  the 
"ZIL"  refrigerator  (0.42  w/liter) . 

At  the  present  time  this  refrigerator  is  in  experimental  use. 

§4.  A  low-Volume  Domestic  Refrigerator 

In  1960  A.  N.  Voronin  and  E.  N.  Shero  developed  the  thermoelectric 
domestic  refrigerator  "Fontan"  with  a  low-volume  chamber,  equal  to  20  liters. 
The  temperature  required  in  the  chamber  is  provided  by  thermoelectric 
pile,  consisting  of  a  total  of  8  thermoelements.  Heat  removal  from  the 
thermoelectric  pile  is  accomplished  by  running  water  cooled  as  a  result 
of  the  latent  heat  of  vaporization. 

The  principal  design  cf  the  water  system  of  heat  removal  for  the 
"Fontan"  refrigerator  is  shown  in  Figure  153.  Water  is  poured  into  vessel 
1.  Pump  2,  which  is  equipped  with  a  small,  economical  electric  motor  3, 
pumps  water  through  water  jacket  4,  to  which  the  hot  junctions  of  the 


thermoelectric  pile  5  arc  soldered.  After  it  leaves  the  jacket,  the  water 
enters  fountain  device  b.  Small  streams  of  water  7  create  a  cooling 
effect  as  a  result  of  partial  water  evaporation.  The  cooled  water  flows 
to  vessel  1  and  is  again  delivered  to  the  thermopile.  The  UV-1  air 
humidifier,  which  is  mass-produced  by  industry,  is  employed  as  the 
fountain  device  in  the  refrigerator.  The  cold  junctions  of  the  thermo¬ 
pile  are  soldered  through  electrically-insulated  connecting  plates  to 
the  side  of  the  metallic  chamber,  which  forms  the  operating  volume  of 
the  refrigerator. 


Figure  153.  Heat  removal  diagram  for 
the  "Fontan"  refrigerator. 


The  "Fontan"  refrigerator  is  manufactured  in  the  form  of  a  cabinet, 
finished  in  an  expensive  type  of  wood.  The  cabinet  is  equipped  with  two 
sections:  a  refrigerator  section  and  a  small  section  for  the  storage  of 

dishes  or  products  which  do  not  require  cooling.  In  the  process  of 
operation  the  refrigerator  looses  part  of  the  water  due  to  evaporation, 
and  the  loss  equals  approximately  0.5  liters  per  day.  For  normal  refrig¬ 
erator  operation,  two  glasses  of  water  must  be  poured  into  the  fountain 
device  each  day.  The  current  supply  to  the  thermoelectric  pile  is 
delivered  by  a  rectifier,  arranged  in  a  full-wave  circuit  with  VG-10 
germanium  diodes  as  rectifiers.  A  filter  choke,  mounted  in  the  rectifier 
section,  serves  to  smooth  out  the  rectified  current  ripple.  The  rectifier 
is  located  on  the  rear  section  of  the  refrigerator. 

It  must  be  noted  that  the  "Fontan"  refrigerator  requires  a  total  of 
only  30  w  from  the  line,  which  makes  it  quite  economical.  Figure  154 
shows  an  overall  view  of  the  refrigerator. 

• 

The  following  are  the  basic  technical  data  of  the  "Fontan"  refrigera¬ 
tor. 

Operating  current  20  a 

Thermopile  voltage  drop  0.5  v 
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Semiconductor  substance  consumption  for  the 


thermopile  30  g 

Number  of  thermoelements  in  the  thermopile  8  units 

Power  required  from  the  line  30  w 

Pump  motor  power  4  w 

Operating  chamber  volume  20  liters 

Dimensions:  height  800  mm 

width  750  mm 

depth  500  mm 
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figure  15^.  An  overall  view  of 
the  "Fontan"  refrigerator. 


Still  another  design  version  of  the  thermoelectric  domestic  refrig¬ 
erator  with  an  operating  volume  of  20  liters  was  developed  in  1904  in 
the  SKB  of  the  Semiconductor  Institute  of  the  Academy  of  Sciences  of  the 
USSR  in  conjunction  with  a  number  of  other  organizations.  The  design 
of  this  refrigerator  permits  installing  it  on  a  table  or  attaching  it  to 
the  wall.  The  regrigerator  housing  was  manufactured  of  plastic.  Heat 
removal  from  the  hot  junctions  of  thermopile,  just  as  in  the  "Fontan" 
type  of  refrigerator,  is  accomplished  through  the  latent  heat  or  vapor¬ 
ization  of  water.  However,  in  this  case  the  water  does  not  gush  from  a 
fountain,  but  is  sprayed  on  the  hot  radiator  plates  by  a  special  device 
within  the  refrigerator  housing. 

The  consumption  of  power  required  from  the  line  for  1  liter  of 
refrigerator  useful  operating  volume  was  equal  to  1.35  w;  semiconductor 
material  consumption  for  the  thermopile  was  55  g. 

An  overall  view  of  the  table-mounted  version  of  the  "Fontan" 
refrigerator  in  a  plastic  housing  is  shown  in  Figure  155. 
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Figure  1 55  -  An  overall  view  of  the 
second  version  of  the  "Fontan" 
ref  rigerator. 


CHAPTER  XVI,  Devices  for  Various  Purposes 


SI.  Refrigerators  for  Stock-Raising 

In  stock-raising  practice,  the  method  of  artificial  insemination 
of  animals,  which  permits  accelerating  by  many  times  the  process  of 
obtaining  thoroughbreu  offspring,  is  well  known.  However  the  successful 
mass  application  of  this  method  comes  up  against  one  essential  difficulty, 
connected  with  the  fact  sperm  obtained  from  the  producer  preserves  its 
capacity  for  fertilization  for  the  relatively  short  time.  Under  existing 
conditions  the  sperm  must  preserve  all  its  qualities  for  a  rather  long 
period  of  time.  It  has  been  established  that  when  sperm  is  maintained 
at  a  reduced  temperature,  it  does  not  lose  its  qualities  even  during 
storage  for  several  years.  Thus,  for  example,  while  at  a  temperature 
of  0°  sperm  may  be  preserved  for  several  days,  at  a  temperature  of  -78° 
may  be  preserved  for  three  years. 

Thus  the  problem  of  developing  small  thermostatically-controlled 
refrigerators  for  the  transportation  and  storage  of  sperm  was  very 
important.  While  under  fixed  storage  conditions  this  problem  may  be 
solved  by  means  of  utilizing  refrigerators,  during  the  transportation 
of  sperm  directly  to  the  point  of  artificial  insemination.  The  utiliza¬ 
tion  of  compressor  or  absorption  refrigerator  assemblies  is  not  possible. 
The  use  of  cooling  methods  involving  ice,  solid  carbon  dioxide  or  other 
periodically  acting  refrigerants  is  also  not  possible  by  virtue  of 
operational  inconveniences  (relative  scarcity,  as  a  necessity  for 
periodic  refilling,  etc.). 

In  this  connection  a  pressing  need  arose  to  develop  a  low-volume, 
easily  transported  refrigerator.  Several  models  of  microrefrigerators 
were  developed  on  the  basis  of  the  thermoelectric  cooling  method  intended 


were  developed  on  the  basis  of  the  thermoelectric  cooling  method  intended 
for  the  inter-rayon  transportation  and  storage  of  cattle  sperm. 

In  the  first  typos  of  refrigerators  the  operating  chamber  volume 
was  80  cm’,  which  permitted  placing  10  vials  of  semen  in  the  chamber. 

Since  in  thermoelectric  cooling  devices  it  is  quite  essential  to  provide 
effective  heat  removal  from  the  hot  side  of  the  thermopile,  three  design 
versions  of  the  refrigerators  were  developed  in  which  heat  removal  was 
accomplished  by  means  of  a  system  of  radiators  with  natural  air  convection, 
with  heat  removal  by  forced  air,  and  with  water. 

The  first  design  version  of  the  refrigerator  (figure  1 So )  had 
operating  chamber  1  in  the  form  of  a  rcd-copper  shell  with  a  diameter 
of  30  mm  and  a  height  of  72  mm.  The  front  part  of  the  operating  chamber 
was  coupled  with  good  thermal  contact  to  the  cold  junctions  of  thermo¬ 
electric  pile  2  through  a  thin  (10  e)  polyethylene  film.  The  thermoelectric 
pile  consisting  of  18  thermoelements  with  dimensions  of  S  *  5  *  10  mm, 
was  filled  with  i-poxy  resin,  thus  forming  a  single,  structural ly-complctc 
sub-assembly . 


7 


Figure  156.  A  section  of  a  refrig¬ 
erator  with  natural  heat  removal 
for  stock  raising. 


At  the  location  of  the  coupling  between  the  thermopile  and  the 
collector,  the  latter  was  coated  by  electrochemical  means  with  a  thin 
(1-2  in)  of  aluminum  oxide  in  order  to  exclude  electrical  contact.  Heat 
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removal  from  the  collector  of  the  hot  junctions  was  accomplished  by 
a  radiator  system  4,  consisting  of  12  lins,  which  were  also  formed  of 
aluminum. 

The  operating  volume  of  the  refrigerator  surrounded  by  a  layer  of 
foam  plastic  thermal  insulation  5,  and  is  protected  on  the  outside  by 
metallic  housing  0.  The  top  of  the  chamber  is  equipped  with  civer  7. 
The  refrigerator  is  equipped  with  a  handle  for  convenience  in  trans¬ 
portation  . 

The  electrical  supply  to  the  refrigerator  is  accomplished  with  a 
silver-line  storage  battery.  An  external  view  of  the  refrigerator  of 
this  type  is  shown  in  figure  157. 
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Figure  157-  An  overall  view  of 
a  refrigerator  for  cattle¬ 
raising,  designed  for  natural 
heat  removal. 


The  basic-  data  for  the  refrigerator  with  natural  heat  removal  to 
a  system  of  air  radiators  are  shown  below. 


v  * 
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The  useful  operating  chamber  volume 

Maximum  temperature  reduction  (with  an  ambient 

80  cm3 

temperature  of  20°) 

to  -2° 

Thermopile  voltage  drop 

1.2  v 

Thermopile  supply  current 

8  a 

Power  requirement 

9. 6  w 

Radiator  plate  area 

1400  cm 

Dimensions:  diameter 

165  mm 

height 

160  mm 

Weight 

1300  g 

One  of  the  shortcomings  of  the  thermoelectric  refrigerator  with  natural 
heat  removal  is  the  small  temperature  difference  between  the  surrounding 
air  and  the  operating  volume.  With  an  ambient  temperature  exceeding 
20°,  which  often  occurs  in  practice,  this  type  of  refrigerator  cannot 
provide  a  temperature  below  0  in  the  operating  chamber. 

The  second  construction  version  of  the  thermoelectric  refrigerator 
(Figure  158)  is  based  on  forced  air  cooling  of  radiator  system  1,  by 
means  of  small  fan  2,  which  is  mounted  in  the  refrigerator  housing.  The 
presence  of  more  effective  heat  removal  and  a  system  of  24  radiator  plates 
with  a  total  area  of  3,000  cm2  permitted  improving  the  heat-engineering 
characteristics  of  the  refrigerator  and  increased  the  temperature  dif¬ 
ference  between  the  environment  and  the  internal  volume.  While  in  the 
refrigerator  with  natural  heat  removal  from  the  radiator  system  the 
temperature  difference  was  20-22°,  and  the  forced  ai,  system  the  tempera¬ 
ture  difference  was  raised  to  28-30°.  This  means  that  the  required 
internal  refrig Tato  temperature  of  0.2°  may  be  provided  when  the 
external  temperature  reaches  28-30°,  which  makes  it  possible  to  employ 
this  type  of  refrigerator  in  Southern  areas.  When  the  fan  is  switched  off, 
the  refrigerator  provides  a  temperature  difference  of  6-f°  ’.ess. 

The  electrical  parameters  of  the  current  supply  for  the  thermoelectric 
pile  of  this  type  of  refrigerator  are  the  same  as  those  for  the  refrig¬ 
erator  with  natural  heat  removal.  However,  a  supplemetnal  source  of 
voltage  is  required  in  order  to  supply  the  fan.  A  12  v  dry  battery  was 
used  (the  current  required  by  the  fan  is  0.25  a).  The  total  weight  of 
the  refrigerator  (less  the  power  supplies)  is  2300  g.  The  external 
dimensions  are  height  300  mm,  and  diameter  150  mm. 

Figure  159  shows  an  overall  view  of  the  refrigerator  with  forced 
air  cooling  of  the  radiators. 
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Figure  158.  A  section  of  a  refrig-  Figure  159.  An  overall  view  of 

erator  for  stock-raising,  the  refrigerator  for  stock- 

equipped  with  forced  air  heat  raising,  equipped  with  forced 

removal.  ai  r  heat  removal. 


The  problem  of  providing  an  uninterrupted  source  of  current  to  the 
thermoelectric  pile  of  a  refrigerator  during  the  course  of  its  operation 
is  a  significant  one.  In  the  refrigerator  designs  described,  the  type 
STs-45  storage  battery  may  be  used  as  a  power  supply.  The  storage 
battery  consists  of  8  cells,  connected  in  parallel.  The  total  capacity 
of  the  storage  battery  is  360  a/h;  this  is  sufficient  for  continuous 
refrigerator  operation  for  a  period  of  40-45  hours. 

In  a  case  when  the  refrigerator  is  being  transported  by  motor  vehicle, 
the  storage  battery  shich  supplies  the  refrigerator  may  be  connected  to 
the  recharging  circuit  of  the  vehicle,  which  permits  supplying  the 
refrigerator  for  a  longer  period  of  time. 

A  thermoelectric  refrigerator  was  developed  in  the  Agricultural 
Physics  Institute  of  the  Academy  with  an  operating  chamber  volume  of 
500  cm3,  intended  for  the  transportation  of  the  sperm  of  farm  animals. 

In  this  refrigerator  design  (Figure  160),  heat  removal  from  the  hot 
junctions  of  the  thermopile  is  accomplished  by  water,  which  is  located 
in  tank  1,  with  a  capacity  of  20  liters.  Filling  of  the  tank  and  water 
discharge  from  the  tank  is  accomplished  through  apertures  2  and  3. 


i 
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The  thermoelectric  pile  4  of  the  refriaerator  is  installed  between 
metallic  shell  5,  which  forms  the  operating  volume,  and  radiator  6.  The 
radiator  is  screwed  into  the  support  ring  of  the  water  tank  and  is  sealed 
by  resin  washer  7.  In  order  to  improve  the  heat  transfer  between  the 
water  and  the  radiator,  the  latter  is  equipped  with  a  system  of  fin  8, 
which  extends  its  surface.  Temperature  sensor  9  is  attached  to  the 
volume  chamber  for  automatic  temperature  maintenance  within  the  operating 
chamber.  Thermal  insulation  for  the  chamber  is  provided  by  a  layer  of 
foam  plastic  10.  Removable  cover  11  is  located  on  the  top  of  the 
refrigerator. 

The  electrical  circuit  for  the  current  supply  to  the  thermopile 
and  for  automatic  temperature  regulation  is  shown  in  Figure  161.  The 
voltage  to  supply  thermopile  TB  is  delivered  from  motor-vehicle  12-volt 
storage  battery  Ej  through  voltage-dropping  resistor  and  relay  Kj. 

Fuse  F  is  connected  in  series  with  the  supply  circuit  to  the  thermopile. 
When  the  context  of  bi-metallic  relay  TK  closed,  which  occurs  when  the 
temperature  in  the  operating  chamber  is  higher  than  the  specified  tempera¬ 
ture,  voltage  from  the  power  supply  is  applied  to  intermediate  relay 
K^,  which  turns  on  power  relay  K  .  Then  the  contacts  of  the  power  relay 

Close  and  current  is  supplied  to  thermopile  TB. 


Figure  160.  A  section  of  a  refrig¬ 
erator  for  stock-raising, 
equipped  with  a  water  system 
of  heat  removal. 


Figure  161.  The  electrical  circuit 
of  the  power  supply  and  auto¬ 
matic  regulator  of  the  refrig¬ 
erator  for  stock-raising  with 
a  water  system  of  heat  removal. 


When  the  temperature  in  the  operating  volume  drops  below  the  speci¬ 
fied  value,  the  bi-metallic  relay  opens,  relays  and  open  and  the 

thermopile  is  disconnected  from  the  power  supply.  Temperature  measurement 
in  the  operating  volume  is  accomplished  by  means  of  an  unbalanced  bridge 
which  includes  thermistor  PTS  in  one  of  the  arms.  A  microammeter  is 
connected  in  the  bridge  diagonal  as  a  temperature  indicator.  The  micro¬ 
ammeter  scale  is  graduated  in  temperature  values  within  the  range  -5  to 
+10°.  Variable  resistance  R.  regulates  the  voltage  applied  to  the  bridge. 

Mere  control  resistor  R4  is  switched  into  the  ciruit  in  place  of  thermistor 

PTS. 


The  results  of  refrigerator  tests  have  been  plotted  in  the  graphs 
shown  in  Figure  2  where  curves  1  and  2  show  the  relationship  of  the 
temperature  drop  between  the  operating  volume  and  the  water  in  the  tank 
at  a  current  through  the  thermopile  of  8  a  Cl)  and  6  a  C2) .  Curves  3 
and  4  show  increased  water  temperatures  in  the  tank  with  currents  of  8 
and  6  a,  respectively. 

From  the  graph  shown  it  is  apparent  that  a  temperature  differnce  of 
17° ,  which  corresponds  to  an  operating  volume  temperature  of  0D,  is 
attained  in  11  minutes  with  a  current  of  8  a  and  in  17  minutes  with  a 
current  of  6  a.  With  this  time  difference  in  attaining  the  specified 
temperature  is  not  significant,  however,  water  heating  in  a  current  of 
6  a  occurs  more  slowly;  as  a  result,  a  pile  current  of  6  a  was  chosen. 


6T 


Figure  l 62.  Temperature  reduction 
with  time  in  the  refrigerator 
operating  chamber. 


7 


Figure  163*  The  temperature  reduc¬ 
tion  rate  in  an  empty  operating 
volume  (l)  and  in  a  volume  filled 
with  2U0  cm5  of  brine  (2). 


Figure  103  shows  the  temperature  reduction  in  the  operating  volume 
with  time  for  a  case  involving  empty  volume  1  a..J  a  volune  filled  with 
200  cm3  of  brine,  2.  From  this  drawing  it  is  apparent  that  the  temperature 


-287- 


inside  the  operating  volume  is  maintained  by  the  stabilization  circuit 
at  a  level  of  1.5-2.S®.  As  a  result  of  an  increase  in  the  thermal  inertia 
of  the  filled  operating  volume,  the  temperature  regulation  period 
increases . 

Figure  164  shows  the  temperature  reduction  rate  for  a  filled 
operating  volume  1  and  empty  volume  2.  In  this  case  the  temperature 
regulator  was  switched  off.  Curve  3  shows  the  value  of  water  heating  in 
the  tank  with  extended  refrigerator  operation.  An  analysis  of  these  curves 
shows  that  without  changing  the  water  in  the  tank,  the  refrigerator  may 
provide  the  required  temperature  in  the  operating  volume  for  a  period 
of  8  hours. 


Figure  161*.  The  temperature  reduction 
rate  in  a  water-filled  and  empty 
volume  of  the  refrigerator  when 
the  temperature  regulator  is 
swi tched  of f . 


The  following  are  the  basic  specifications  for  the  refrigerator 
described. 


Operating  current 
Voltage  drop  on  the  device 
Power  requirement 
Operating  chamber  volume 

Chamber  operating  temperature  (with  a  water 
temperature  of  15-20®  and  an  air  temperature 
of  40°) 

Tank  water  volume 

Dimensions 

Weight 


6  a 
12  v 
84  w 
S00  cm3 


-2  to  +3° 

20  liters 

270  x  430  x  300  mm 
25  kg 
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§2.  A  Thermostat  System  for  the  Coke-Oven  Gas  Industry 

In  the  production  of  hot  gases  by  the  method  of  coking  coal,  the 
quantity  of  naphthalene  in  the  gas  must  be  controlled.  Ordinarily  chemical 
analysis  methods  are  employed  for  this  purpose.  However  the  cheaical 
reagents  employed  must  be  maintained  at  a  temperature  of  0  to  -5° .  The 
utilization  of  compressor  machines  for  periodically  refrigerants  is  not 
possible  because  of  operating  conditions. 

The  themoelectric  method  of  cooling  has  permitted  the  developed  of 
a  compact,  independent  device  which  requires  no  special  sevice  by  personnel 
and  which  fully  satisfies  the  operating  requirements  of  gas  plants.  The 
thermostat  assembly  is  made  in  the  shape  of  a  cylindrical  vessel  (Figure 
165)  divided  into  three  parts.  The  rectifier  which  supplies  the  thermopile 
and  the  temperature  stabilization  circuit  are  located  in  lower  part  A. 

The  thermoelectric  pile  and  the  operating  chamber  are  located  in  the 
middle  part  B,  and  the  electric  motor  for  the  agitator  is  located  in  upper 
part  C. 

The  single-stage  thermoelectric  pile  1,  consisting  of  16  thermo¬ 
elements,  is  soldered  through  electrically-insulated  connecting  plates 
to  hollow  cylinder  2.  The  water  which  removes  the  heat  from  the  hot 
junctions  of  the  thermopile  passes  through  cylinder  2,  The  operating 
chamber  3  of  the  device  is  soldered  to  the  cold  junctions  of  the  thermopile 
also  through  electrically-insulated  connecting  plates.  In  order  to 
reduce  the  temperature  gradient  along  the  height  of  the  operating 
chamber,  the  latter  is  manufactured  of  metal,  which  has  high-heat 
conductivity.  Temperature  stabilization  in  the  device  is  accomplished 
by  means  of  a  special  circuit.  Small  temperature  relay  4  serves  as  the 
sensor  for  this  circuit,  and  is  located  inside  the  operating  chamber. 

Three  vials  of  Drechsel  5  which  are  being  cooled,  are  placed  in  three 

cells  in  partition  6.  Rubber  hoses  which  deliver  and  remove  the  gas 

analyzed  from  the  Drechsel  vials  pass  through  special  channels  formed  in 
the  thermal  insulation  of  the  device  in  the  area  of  the  cover  fastening. 
Thermal  insulation  of  the  device  is  provided  by  a  layer  of  foam  plastic  7. 

In  order  to  reduce  the  cooling  time  of  the  reagents  placed  within  t 

device,  the  operating  chamber  is  filled  with  a  mixture  of  water  and 
alcohol  which  has  a  freezing  point  of  approximately  -10°.  Auger  agitator 
8,  which  is  rotated  by  small  electric  motor  9,  serves  to  equalize  the 
temperature  inside  the  operating  chamber.  Access  to  the  operating 
chamber  is  provided  by  cover  10,  which  is  provided  with  a  system  of 
ventillation  apertures  to  cool  the  agitator  motor. 
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Figure  165.  A  section  of  a  thermostat 

assembly  for  the  coke-oven  gas  industry. 


As  we  have  pointed  out  earlier  the  rectifier  which  supplies  the 
thermopile  and  the  temperature  regulation  circuit  for  the  operating 
chamber  are  located  in  the  lower  part  of  the  device.  The  electrical 
circuit  for  these  sub-assemblies  of  the  thermostat  system  is  shown  in 
Figure  166.  Power  transformer  Tr^  reduced  the  line  voltage  to  a  value 

required  to  supply  the  thermoelectric  pile.  Connected  in  series  with 
the  primary  winding  of  the  power  transformer  are  fuse  F  and  hydraulic 
relay  HK,  which  prevent  the  application  of  voltage  to  the  thermopile 
when  there  is  no  water  in  the  heat  removal  system. 


Figure  166.  Tne  electrical  circuit 
for  the  power  supply  and  the 
regulator  of  a  thermostat  system 
for  the  coke-oven  gas  industry. 


Two  hcavv-duty  V(i-50-lS  germanium  diodes  0^  are  connected  in  a  full- 

wave  rectifier  circuit  in  the  secondary  circuit  of  the  power  transformer. 
Filter  choke  Ch  serves  to  reduce  rectified  current  ripple. 

The  temperature  stabilization  circuit  and  the  supply  circuit  for 
the  agitator  motor  consists  of  a  transformer  Tr^,  type  DGTs-27  diode  D?, 

filter  capacitor  C,  type  RMTsG  operating  relay  K,  temperature  relay  TK 
and  signal  lamp  L.  The  temperature  stabilization  circuit  operates  in 
the  followng  manner:  when  the  device  is  switched  on  line  voltage  is 
applied  only  to  transformer  Tr-,.  The  secondary  voltage  of  this  transformer 

through  normally  closed  temperature  relay  contacts  is  applied  to  the 
operating  relay,  which  applies  voltage  to  transformer  Tr^.  When  the 

required  temperature  has  been  attained  in  the  operating  chamber  of  the 
device  the  temperature  relay  is  disconnected,  the  operating  relay  is 
de-energized  and  tjie  power  transformer  which  supplies  the  thermopile  is 
switched  off.  Signal  lamp  L  burns  during  operation  of  the  thermopile  and 
is  extinguished  when  the  thermopile  is  disconnected. 
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In  order  to  prevent  the  germanium  power  diodes  from  overheating  they 
are  mounted  on  the  steel,  water-cooled  base  which  removes  heat  from  the 
thermopile.  The  thermostat  assembly  may  be  supplied  from  the  alternating 
current  line  with  a  voltage  of  127/220  v,  which  is  connected  to  the  device 
with  a  plug-in  socket  assembly. 

Figure  167  shows  an  overall  view  of  the  thermostat  system. 
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Figure  167.  An  overall  view  of  a  thermostat 
system  for  the  coke-oven  gas  industry. 


The  basic  specifications  of  the  thermostat  system  for  the  coke-oven 
gas  industry  are  shown  below. 


Operating  current  of  the  thermoelectric  pile  60  a 

Required  power  from  the  line  ISO  w 

Operating  chamber  volume  3.75  liters 

Operating  chamber  dimensions:  diameter  160  mm 

height  210  mm 

Operating  chamber  temperature  0  ±0.2° 

Temperature  stabilization  accuracy  ±0.1° 

Water  system  heat  removal  temperature  1-25° 

Water  consumption  rate  100  Z/h 
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Llectrical  agitator  type  SD-60 

Agitator  rpm  6C  rpm 

Duration  of  continuous  device  operation  unlimited 

Dimensions:  height  555  mm 

diameter  248  mm 

Weight  20  kg 


§3-  A  Refrigerator  with  a  Detachable  Thermopile 

A  basic  shortcoming  of  thermoelectric  refrigerators  is  the  necessity 
for  continuous  operation  of  the  thermopile.  As  soon  as  the  current  to 
the  thermopile  is  switched  off  the  temperature  in  the  cooled  volume  begins 
to  rise  rapidly  as  the  result  of  heat  flux  through  the  arms  of  the 
thermoelements.  At  the  same  time  in  the  practical  employment  of  several 
thermoelectric  devices  it  is  not  possible  to  provide  a  continuous  current 
to  the  thermopile.  In  particular,  the  fulfillment  of  this  condition  is 
quite  desirable  in  refrigerators  intended  for  the  transportation  of  the 
sperm  of  farm  animals . 

In  this  connection  a  thermoelectric  refrigerator  satisfying  the 
requirement  stated  above  was  developed  at  the  Agricultural  Physics 
Institute  of  the  Academy  of  Agricultural  Sciences  named  for  V.  I.  Lenin. 

A  section  of  the  refrigerator  is  shown  in  Figure  lb8.  Thermoelectric 
pile  1  consists  of  16  thermoelements  2,  and  the  hot  junctions  of  the 
thermoelements  are  coupled  through  thin  organic  film  3  with  heat  removal 
system  4,  made  in  the  shape  of  a  row  a  radially  distributed  radiator 
plates  5,  ventillated  by  small  fan  6.  The  cold  junctions  of  the 
thermoelements  are  coupled  through  electrically-insulated  film  7  to 
cold  junction  collector  8,  which  is  a  hollow  cylinder  constructed  of 
a  material  with  good  heat  conductivity.  Such  a  system,  which  is  a 
structurally  complete  sub-assembly,  is  placed  on  ordinary  vacuum  bottle  9 
having  a  volume  of  2  liters.  The  cold  collector  is  submerged  in  the 
liquid  located  in  the  vacuum  bottle.  In  a  case  when  a  certain  article 
is  to  be  cooled,  for  example  the  sperm  of  farm  animals,  it  is  placed  in 
hermetically  sealed  vial  or  container  10,  and  lower  to  the  bottom  of  the 
vacuum  bottle.  When  the  liquid  has  attained  the  required  temperature 
the  thermoelectric  device  is  disconnected  from  the  vacuum  bottle  and  the 
latter  is  closed  with  a  thermally-insulated  cap.  A  temperature  increase 
in  the  liquid  inside  the  vacuum  bottle  in  this  case  will  be  determined 
by  heat  flux  from  outside,  which  will  be  minimum  with  good  vacuum-bottle 
evacuation,  and  by  the  quantity  of  liquid  in  the  bottle. 
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Figure  168.  A  schematic  section  of  a 
refrigerator  with  a  detachable 
thermopi le . 


Thus  the  thermoelectric  cooler  is  structurally  independent  of  the 
cooled  object  and  is  employed  only  during  the  time  of  liquid  cooling. 

The  graph  of  figure  169  shows  a  dependence  of  the  temperature 
reduction  of  2  liters  of  water,  placed  in  the  vacuum  bottle,  on  time. 
During  transportation  of  the  refrigerator  by  motor  vehicle  the  thermopile 
may  be  supplied  from  the  vehicle  battery.  Under  fixed  conditions  is  the 
air  radiator  in  the  thermopile  heat  removal  system  ma>  be  replaced  by 
a  radiator  utilizing  running  water. 

The  basic  technical  parameters  of  the  cooler  are  as  follows. 


Operating  current 

6  a 

Voltage  drop  on  the  thermopile 

1 . 66  v 

Power  requirement 

10  w 

Fan  motor  voltage  supply 

12  v 

Dimensions:  diameter 

220  mm 

height 

290  mm 
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Figure  1 69 . 


5^.  A  Thermoelectric  Temperature  Stabilizer  for  Photographic  Solutions 

In  the  conduct  of  motion-picture  operations,  it  is  necessary  to 
provide  constant  tempi  fres  for  the  photographic  solutions  employed. 

The  fulfillment  of  this  requirement  even  under  fixed  operational  conditions 
is  associated  with  certain  di fficui . ies .  Under  conditions  involving 
mobile  or  field  operations,  which  occur  during  expeditions,  the  tempera¬ 
ture  stabilization  of  photograph : c  solutions  presents  an  even  more 
complex  problem.  Thus,  for  example,  in  contemporary  developing  devices 
thermostatically-controlled  photographic  solutions  are  maintained  at  a 
temperature  of  approximately  18°  with  running  water.  However  in  Southern 
areas  of  the  country  during  the  summer  water  temperature  may  reach  25° 

>r  higher.  Under  these  conditions  the  normal  process  of  film  development 
and  fixing  deteriorates. 

A  thermoelectric  stabilizer  permits  automatically  maintaining  the 
temperature  of  photographic  solutions  in  developing  tanks  at  a  specified 
level  with  a  change  in  temperature  of  the  running  water  within  wide 
limits . 

Basically  the  thermoelectric  stabilizer  is  a  reflux  heat  exchanger, 
in  which  a  thermoelectric  pile  (Figure  170J  is  located  between  channels 
which  can  carry  the  photographic  solution  in  running  water.  It  consists 
of  two  series-connected  sections  1  and  2,  each  of  which  consists  of  76 
thermoelements.  The  thermoelectric  pile  is  soldered  through 


/ 

'  e 
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electrically-insulated  connecting  plates  3  to  hot  heat -exchanger  4  to 
which  running  water  is  supplied  through  nipple  S.  Metallic  sprial  6  is 
placed  in  the  hot  heat -exchanger  in  order  to  improve  heat-exchange  between 
the  water  and  the  thermopile.  Two  cold  heat-exchangers  8,  to  which  the 
photographic  solution  flows  through  nipple  9,  are  soldered  to  the  cold 
junctions  of  the  thermopile  through  electrically-insulated  connecting 
plates  7. 


5  i  J  7  i 

1  .Iff 


Figure  170.  Diagram  of  a  heat-exchange 
device  of  a  thermoelectric  temperature 
stabilizer  for  photographic  solutions. 


Heat-exchangers  for  photographic  solutions  are  copper  boxes  equipped 
with  a  system  of  fins  10  in  order  to  improve  heat-exchange  from  the 
photographic  solution.  The  internal  surfaces  of  the  cold  heat -exchangers 
are  silver-plated  in  order  to  prevent  corrosion  due  to  the  influence  of 
the  photographic  solutions.  Both  cold  heat-exchangers  consist  of  4 
series-connected  sections,  each  of  which  has  4  channels  which  are  connected 
in  parallel.  Such  a  system  provides  for  good  heat- transfer  of  the 
photographic  solutions  with  the  thermoelectric  pile.  With  an  insignificant 
loss  in  the  pressure  of  the  photographic  solution  passing  through  the 
device . 

Solders  with  various  melting  points  are  used  in  the  manufacture  of 
the  device,  which  provides  for  convenience  and  efficiency  in  assembly. 

The  electrical  circuit  of  the  power  supply  and  the  control  for  the 
thermoelectric  temperature  stabilizer  for  photographic  solutions  provides 
for  concurrent  supply  to  both  thermopiles,  which  are  connected  in  series. 

In  this  case  the  temperature  of  the  photogr'ohic  solutions  passing 
through  the  cold  heat-exchangers  will  be  identical. 
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The  basic  technical  data  of  the  device  are  shown. 


Operating  current  75  a 

Thermopile  voltage  drop  (two  sections)  13.6  v 

Power  requirement  (direct  current)  1020  w 

Thermopile  coefficient  of  performance  73.5% 

Thermopile  refrigerating  capacity  240  kCal/h 

Thermopile  heat  output  465  kCal/h 

Initial  photographic  solution  temperature  (maximum)  30° 

Photographic  solution  operating  temperature  18° 

Rate  of  flow  of  running  water  to  the  thermopile  350  l/h 

Quantity  of  photographic  solution  passing 

through  the  device  460  Ij h 

Dimensions  380  *  280  *  620  mm 

A  full-wave  rectifier  consisting  of  a  power  transformer  and  two  power 
germanium  diodes  is  employed  to  supply  the  thermopile.  A  filter  choke 
serves  to  reduce  ripple  in  the  rectified  voltage.  The  primary  circuit 
of  the  -ectifier  is  supplied  from  the  220  v  alternating  current  line. 

A  switch  is  provided  in  order  to  deliver  current  of  reversed  polarity 
to  the  thermopile,  as  a  result  of  which  the  pile  is  switched  from  the 
cooling  to  the  heating  mode.  Temperature  stabilization  of  the  photo¬ 
graphic  solution  is  accomplished  automatically  by  means  of  a  temperature 
sensor,  placed  in  the  solution,  by  an  intermediate  relay  and  a  magnetic 
starter  which  connects  or  disconnects  the  supply  to  tie  thermopile  when  the 
photographic  solution  temperature  deviates  from  the  specified  value.  A 
hydraulic  relay  prevents  application  of  voltage  to  the  thermopile  when 
water  is  not  present  in  the  hot  heat -exchanger .  The  relay  and  other 
automatic  regulation  elements  are  situated  in  the  automatic  control  section. 

In  a  case  when  operating  conditions  dictate  that  the  temperature  of 
the  photographic  solution  in  the  cold  heat-exchangers  must  be  at  different 
temperatures,  a  different  supply  system  is  employed  which  provides  for 
individual  current  supply  to  the  thermopiles.  This  circuit  is  then  two 
independent  supply  and  regulation  circuits,  which  are  similar  to  the  one 
described. 

§5.  Thermoelectric  Devices  for  the  Determination  of  the  Pour  Points 
of  Petroleum  Products 

One  of  the  basic  parameters  which  characterize  the  operating  proper¬ 
ties  of  petroleum  products,  and  of  diesel  fuel  in  particular,  is  the  pour 
point.  Contemporary  industrial  methods  of  determining  the  pour  point  are 
based  on  a  determination  of  the  attenuation  of  an  ultrasonic  pulse, 
generated  in  the  petroleum  product  undergoing  investigation.  Sharp 
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ultrasonic  attenuation  indicates  the  onset  of  the  petroleum-product 
pour  point . 

The  practical  operations  involved  in  this  method  are  the  following, 
a  special  cell  is  filled  with  a  portion  of  the  petroleum  product.  An 
ultrasonic  pulse  from  the  ultrasonic  generator  is  created  in  the  cell. 

In  the  pauses  between  the  delivery  of  the  square  pulses  measuren ent  of 
the  square  pulse  value  is  reflected  from  the  opposite  side  of  the  cell 
is  accomplished.  The  temperature  of  the  cell  and  the  petroleum  product 
is  linearly  reduced  and  is  continuously  measured  by  a  low-inertial 
electrical  thermometer.  When  the  reflected  ultrasonic  pulse  undergoes 
attenuation,  which  indicates  congealing  of  the  petroleum  product,  the 
electric  thermometer  establishes  the  internal  temperature  of  the  cell. 

Then  the  cell  must  be  heated  to  ..  temperature  of  approximately  1C°.  The 
petroleum  product  which  is  drained  off,  the  cell  is  filled  with  another 
portion  of  petroleum  products,  and  the  measurement  cycle  is  repeated. 

It  should  be  added  to  the  above  that  the  entire  cycle  of  measurement, 
emptying,  and  refilling  of  the  cell  with  a  new  portion  of  petroleum  product 
must  be  accomplished  automatically. 

The  fact  that  a  tnermopile  can  operate  in  both  the  heating  and  the 
cooling  mode  permitted  developing  a  device  which  satisfies  all  of  these 
operating  requirements.  A  section  of  a  thermoelectric  device  for  the 
determination  of  the  pour  point  of  petroleum  products  is  shown  in  Figure 
171. 
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Figure  1 7 1  •  A  section  of  a  device  for  the 
determination  of  the  pour  point  of 
petroleum  products. 


The  cold  junction  side  of  two  single-stage  thermoelectric  piles  1, 
which  consist  of  5  thermoelements  each,  are  soldered  through  electrically- 
insulated  connecting  plates  2  to  the  opposite  sides  of  cell  3.  In  order 
to  improve  heat  transfer  from  the  cell  to  the  petroleum  product  4, 
within  the  cell,  the  latter  is  manufactured  of  copper,  which  has  high 
heat  conductivity.  The  petroleum  product  under  investigation  enters  and 
leaves  the  cell  through  two  nipples  5.  In  order  to  reduce  parasitic 
heat  flux  to  the  cell  along  the  nipples,  the  latter  are  equipped  with 
rings  6  of  plastic,  which  possess  low  heat  conductivity,  and  form  heat 
bridges.  The  leads  to  the  sensor  electric  thermometer  are  brought  from 
the  cell  through  plexiglass  nipple  7,  The  sensor  is  a  thermistor  by  means 
of  which  petroleum-product  temperature  change  is  measured.  Piezoelectric 
oscillator  8,  which  is  attached  to  the  wall  of  the  cell,  creates  the 
ultrasonic  pulses  and  simultaneously  receives  the  reflected  pulses  from 
the  opposite  wall  of  the  chamber, 

The  hot  side  of  the  thermoelements  is  soldered  to  collectors  9, 
through  water  passes  to  remove  heat  from  the  thermopile.  Intake  and  output 
of  water  is  accomplished  through  nipples  10.  The  collectors  of  the  hot 
junctions  are  filled  with  epoxy  resin  to  furnish  the  thermopiles  with  the 
required  mechanical  strength.  The  externa)  surface  of  the  cell  is 
covered  with  a  layer  of  foam  plastic  in  order  to  reduce  heat  flux  from 
the  outside. 

A  block  diagram  of  the  power  supply  and  the  automatic  regulation 
section  is  shown  in  Figure  172.  The  current  supply  to  the  thermopile 
is  prov.ded  by  a  full-wave  rectifier,  in  which  heavy-duty  germanium  diodes 
are  used  as  rectifiers. 
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Figure  172.  The  block  diagram  of  a  device  to  determine 
the  pour  point  of  petroleum  products. 


The  reflected  ultrasonic  pulse  is  applied  to  the  automatic  control 
section.  Upon  the  initiation  of  reflected  pulse  attenuation,  the  auto¬ 
matic  control  section  establishes  a  temperature  of  the  petroleum  product 
and  turns  on  the  reversing  device  which  switches  the  polarity  of  the 
supply  current,  changing  the  thermopile  from  the  cooling  to  the  heating 
mode.  The  petroleum  product  is  heated  in  the  cell,  and  after  a  specified 
period  of  time  the  discharge  device  is  automatically  switched  on  which 
frees  the  cell  and  refills  it  again  with  a  new  portion  of  petroleum 
product.  A  forward-polarity  current  is  then  applied  to  the  thermopile 
and  the  process  of  measurement  is  repeated.  A  hydraulic  relay  prevents 
current  delivery  to  the  thermopile  when  there  is  no  water  in  the  system, 

A  recording  device  is  included  in  the  automatic  control  section  which 
records  the  measurement  results. 

An  overall  view  of  this  device  is  shown  in  figure  173. 
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Figure  172.  An  overall  view  of  the  device  for 
*  the  determination  of  the  pour  point  of 

petroleum  products  (first  version). 


The  basic  technical  characteristics  for  this  device  are  shown  below. 
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Operating  current  in  the  cooling  mode  34  a 

Voltage  drop  on  the  thermopile  in  the  cooling  mode  0.87  v 
Power  requirement  in  the  cooling  mode  29.6  w 

Minimum  operating  chamber  temperature  (with  a 

water  temperature  of  18°)  -25° 

Maximum  temperature  drop  provided  by  the  device  43° 

Time  required  to  establish  minimum  temperature 

in  the  cell  10  min 

Operating  current  in  the  heating  mode  4  a 

Time  required  to  heat  the  petroleum  products  to 

a  temperature  of  10°  12  min 

Water  consumption  rate  100  Z/h 

Operating  chamber  volume  33  cm3 

Dimensions  92  *  75  *  78  mm 

Weight  1168  g 


Tests  of  the  thermoelectri c  device  for  the  determination  for  the 
petroleum-product  pour  points  at  a  number  of  petroleum-processing  plants 
have  revealed  its  high  operating  qualities.  Nevertheless  the  necessity 
arose  to  develop  a  device  operating  on  the  same  principle,  but  providing 
for  lower  petroleum-product  pour  points.  Two  two-stage  thermopiles  with 
series-fed  stages  were  used  in  this  device.  There  were  ten  thermoelements 
in  the  first  stage  of  each  half  of  the  thermopile  and  there  were  two 
elements  in  the  second  stage.  The  cell  for  the  petroleum  products 
investigated  were  soldered  between  the  thermopiles.  Heating  of  the  cell 
to  the  liquif ication  point  of  the  petroleum  product  is  accomplished  by 
means  of  a  special  electrical  beater  attached  to  the  cell  assembly. 

In  order  to  satisfy  requirements  that  the  device  be  explosion-proof, 
all  pipes  pertaining  to  the  cell  are  manufactured  of  tekstolite  with  a 
wall  thickness  of  5  mm.  In  order  to  provide  for  maximum  reduction  in  the 
heat  flux  to  the  cell  along  the  pipes,  the  latter  are  of  considerable 
length.  Hermetic  feeling  of  the  device  with  the  aim  of  providing  an 
explosion-proof  assembly  is  accomplished  by  direct  soldering  and  sealing 
of  the  seams  with  epoxy  resin.  A  thermopile  assembly  on  crimped  heat 
junctions  and  the  use  of  \ -shaped  connecting  plates,  which  reduce  mechan¬ 
ical  stress  in  the  thermopile,  have  permitted  the  establishment  of  an 
extended  operational  cycle  in  the  device  in  the  heating-cooling  medes 
urn  r  conditions  prevailing  in  petroleum-processing  plants. 

The  basic  technical  characteristics  of  the  device  are  shown  below. 


Optimum  current  in  the  maximum  cooling  regime  SO  a 

Voltage  drop  at  optimum  current  in  the  cooling  mode  2.27  v 
Power  requirement  in  the  cooling  mode  114  w 

Minimum  cell  temperature  (with  a  water  system 

heat  removal  temperature  of  30°)  -42° 
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Maximum  temperature  difference  provided  by  the  device  72° 
Time  required  to  establish  maximum  cooling  60  min 

Operating  current  in  the  heating  mode  10  a 

Voltage  drop  in  the  heating  mode  1,3  v 

Time  required  to  establish  a  temperature  of  10°  4  min 

Cell  volume  33  cm3 

Heat  removal  system  water  consumption  rate  80  Z/h 

Dimensions:  diameter  228  mm 

height  310  mm 

Weight  (without  explosion  protection)  3.7  kg 

Thermopile-housing  insulation  resistance  more  than 

10  megohms 


An  overall  view  of  the  assembled  device,  withdrawn  from  its  explosion 
proof  housing,  is  shown  in  Figure  174. 
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Figure  171*.  An  overal  !  view  of  a  device 
to  determine  the  pour  point  of 
petroleum  products  (second  version). 


In  10b4  a  new  method  of  determining  the  pour  point  of  petroleum 
products  was  proposed  by  S.  S.  Pal  ley.  In  agreement  with  this  method  the 
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temperature  of  the  pour  point  of  the  petroleum  products  investigated  is 
determined  by  means  of  the  cyclic  action  of  pressure  on  the  cooled  product 
on  the  one  side  of  the  cell,  with  establishment  of  the  moment  of  loss 
of  reaction  to  this  pressure  on  the  other  side  of  the  cell.  Control  of 
the  pressure  change  is  accomplished  by  means  of  a  micromanometer .  This 
method  of  determining  the  pour  point  is  significantly  Simpler  and  more 
reliable  than  the  method  of  ultrasonic  sounding. 

In  1965  two  thermoelectric  devices  were  developed  for  the  determination 
of  the  pour  point  of  petroleum  products  according  to  S.  S.  Talley's 
method.  One  of  the  devices  was  intended  for  the  determination  of  the 
pour  point  of  several  types  of  oils.  Structurally  it  was  assembled  on 
a  two-stage  thermopile  with  series  current  supply  similar  to  the  system 
described  above.  The  copper  cell,  made  of  plexiglass,  was  mechanically 
attached  to  the  collector  of  the  cold  junctions  of  the  second  stage  of 
the  thermopile.  The  heat- removing  water  system  was  fabricated  within 
the  flange  of  the  device  by  which  connection  to  the  explosion-proof 
housing  was  accomplished. 

The  technical  characteristics  of  the  device  for  the  determination 
of  the  pour  point  of  oris  are  shown  below. 


Cool i ng  Mode 

Operating  current  56  a 

Voltage  drop  1.26  v 

Power  requirement  70.6  w 

Maximum  cooling  temperature  (with  a  heat 

removal  water  system  temperature  of  +30°)  -44.6° 

Time  required  to  obtain  minimum  temperature  30  min 

Temperature  drop  provided  by  the  device  74.6° 

Heating  Mode 

Operating  current  10  a 

Voltage  drop  0.76  v 

Power  requirement  7  w 

lime  required  to  achieve  a  temperature  of  +5°  4  min 

Cell  volume  2  cm3 

Water  consumption  rate  in  the  heat  removal  system  80  1/ h 
Dimensions:  diameter  150  nun 

height  80  mm 

Weight  5.75  kg 


An  overall  view  of  the  device  for  the  determination  of  the  pour  point 
of  oils,  with  a  layer  of  thermal  insulation,  is  shown  in  figure  175.  The 
explosion-proof  housing  has  been  removed. 
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Figure  175.  An  overall  view  of  a 
cooler,  including  the  heat 
removal  system,  for  the  determination 
of  the  pour  point  of  oils. 


Still  another  type  of  thermoelectric  device  for  petroleum  products 
with  a  low  pour  point  was  developed  in  1965.  The  pressure-change  method 
was  selected  as  the  basis  for  the  determination  of  the  moment  the  pour 
point  had  been  reached.  In  this  device  two  three-stage  thermopiles  with 
series  -  current  supply  of  all  stages  were  used  to  provide  a  temperature  in 
the  cell  within  t lie  limits  -60  to  -70°.  The  first  stage  of  the  thermopile 
consists  of  15  thermoelements,  and  the  second  of  3  thermoelements;  the 
third  stage  is  formed  by  one  thermoelement.  The  cell  is  tightly  mounted 
between  the  three  stages  of  the  two  thermopiles.  The  cold-connecting  plates 
of  the  third  stages  of  the  thermopile  are  insulated  from  the  cell  by  means 
of  a  ceramic  heat  junction  in  order  to  present  the  current  supplying  the 
pile  from  passing  to  the  cell.  In  order  to  preserve  reliable  thermal 
contact  between  the  thermopile  and  the  cell,  the  collectors  of  the  cold 
junctions  of  the  third  stages  are  constructed  of  lead.  The  device  has 
been  designed  with  consideration  for  the  requirements  of  explosion-proof 
construction.  Lxtensive  tests  of  the  device  in  cyclic  operation  in  the 
cooling  and  heating  modes  have  revealed  its  high  operating  qualities  and 
reliability.  It  must  be  noted  that  a  stable  temperature  difference  of 
92°  has  been  produced  in  this  device,  which  is  assembled  from  molded 
thermoelements  of  mass-produced  thermoelectric  alloys. 
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Below  are  listed  the  basic  technical  parameters  of  the  three-stage 
refrigerator  for  the  determination  of  petroleum-products  pour  points. 


Operating  current  in  the  cooling  mode  42  a 

Voltage  drop  in  the  cooling  mode  3.7  v 

Power  requirement  in  the  cooling  mode  155.4  w 

Heat  removal  water  system  lemperature  +30° 

Minimum  temperature  in  a  cell  filled  with 

petroleum  products  -6 2° 

Time  required  to  attain  temperature  20  min 

Operating  current  in  the  heating  mode,  to  +10"  7  a 

Voltage  drop  in  the  heating  mode  C.4  v 

Power  requirement  in  the  heating  mode  2.8  w 

Time  required  to  heat  the  cell  to  +10°  5  min 

Cell  volume  2  cm3 

Insulation  resistance  of  the  thermopile  versus 
the  housing  10  megohms 

Water  consumtion  rate  in  the  heat  removal  system  80  1/ h 

Dimensions  of  the  device  (without  the  thermal 
insulation  and  the  explosion-proof  housing): 

diameter  135  mm 

height  160  mm 

Weight  5.8  kg 


An  overall  view  of  the  three-stage  for  the  determination  of  petroleum- 
product  pour  points  is  shown  in  figure  176,  with  the  thermal  insulation 
removed . 


S6.  A  Thermoelectric  Milk  Cooler 

lresh  milk  contains  bactericidal  substances  which  suppose  the  develop¬ 
ment  of  contaminating  microorganisms.  However,  the  bactericidal  substances 
in  fresh  milk  are  active  for  only  a  short  period  of  lime.  The  effective 
action  time  of  the  bactericidal  substances  is  significantly  increased  if 
the  milk  temperature  is  reduced.  Thus,  for  example,  at  a  temperature  of 
18-20°,  fresh-first  grade  milk  becomes  second  grade  in  3-4  hours,  but  at 
a  temperature  of  7-8°,  the  milk  preserves  first-grade  properties  for  a 
period  of  three  days. 

At  the  present  time  the  following  methods  of  cooling  fresh  milk  are 
employed  on  dairy  farms: 

1)  in  basins  containing  runnijj?  water  or  water  which  has  been  pre¬ 
viously  cooled  with  ice; 


2)  in  two- sect  ion  sprayer  coolers,  in  which  cooling  in  the  first 
section  is  accomplished  hy  means  of  running  water,  and  the  second  section 
by  employing  brine,  which  is  cooled  with  a  special  refrigeration  device. 
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Figure  176.  An  overall  view  of  a  thermoelectric  device 
for  the  determination  of  petroleum-product  pour 
points  ( th i rd- ve rs i on ) . 


The  first  method  of  cooling  mild  mil*  is  connected  with  the  require¬ 
ment  for  the  procurement  and  storage  of  :ce,  and  the  second  method  requires 
special  technical  servicing  of  the  refrigerator  installation  and  a  rela¬ 
tively  long  period  of  time  to  achieve  the  required  brine  temperature. 

The  successful  development  of  thermoelectric  cooling  techniques 
made  it  possible  to  develop  a  thermoelectric  refrigerator  which  possesses 
a  number  of  essential  advantages  over  known  method  of  cooling  fresh  milk. 
The  thermoelectric  pile  of  the  refrigerator  consists  of  SO  scries -connected 
sections.  Lach  section  (.figure  177}  consists  of  ?S  thermoelements  1, 
mounted  between  two  metallic  panels  ?.  and  3,  which  are  the  collectors  of 
the  hot  and  cold  junctions  of  the  thermoelements.  The  hot  4  and  cold  5 
connecting  plates  of  the  thermoelements  are  cemented  through  a  thin 
layer  of  electrical  insulation  to  the  panels.  The  thermoelements  are 
soldered  to  the  connecting  plates  with  low  melting-point  alloys,  forming 


a  series-connected  pile.  The  thermopile  sub-assemblies  constructed  in 
this  manner  are  attached  with  thin  rubber  washers  6  to  heat  removal 
system  7,  which  a  duraluminum  plate,  having  a  number  of  spiral-formed 
channels  8,  through  which  water  passes  while  removing  heat  from  the  hot 
junctions  of  the  thermoelements.  The  outside  connecting  plates  of  the 
thermopile  are  connected  to  rods  9,  by  means  of  which  the  individual 
sections  are  connected  in  series  with  each  other.  Such  a  thermoelectric 
section  design  makes  it  easy  to  assemble  the  device  and  when  required 
to  provide  replacements  if  the  device  fails. 


y 
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Figure  177.  One  section  of  the  thermopile  of  a  milk 

coole  r . 


The  water  cooling  system  of  the  device  (figure  178)  has  two  nipples 
1  and  2,  through  which  water  input  and  output  are  accomplished.  Manometer 
3  serves  to  control  water  pressure  at  the  input  of  the  refrigerator,  and 
thermometers  4  and  S  are  to  measure  the  water  temperature  3t  the  input 
and  output  of  the  device.  The  milk  subject  ot  cooling  passes  through 
nipple  6  to  slot-shaped  funnel  7,  where  it  falls  to  cooler  8,  and  flows 
in  a  thin  laminar  layer  downward,  washing  the  cold  collectors  of  the 
thermopile.  The  cooled  milk  is  gathered  in  collector  9  and  passes 
through  nipple  10  to  be  placed  in  the  appropriate  recepticles  .  Due  to 
the  fact  that  the  milk  which  is  subject  to  cooling  moves  from  the  top 
downward,  and  the  water  which  removes  the  heat  from  the  thermopile  moves 
upward,  1  reflux  system  is  obtained,  the  result  of  which  to  improve  the 
effectiveness  and  power  characteristics  of  the  refrigerator. 

A  method  of  furnishing  the  electrical  supply  to  the  thermoelectric 
pile  of  the  refrigerator  is  chosen  in  such  a  way  that  succeeding  sections 
of  the  thermopile  have  potential  differences  less  than  the  potential 
at  which  electrolysis  of  the  milk  occuis. 


The  results  of  refrigerator  tests  which  are  shown  in  Table  73  reveal 
that  with  an  increase  in  milk  output  passing  through  the  refrigerator, 
the  refrigerating  capacity  and  the  coefficient  of  performance  of  the 
thermoelectric  pile  increased,  but  the  temperature  of  the  milk  at  the 
output  of  the  device  increases. 


TABLE  23 

The  Results  of  Tests  on  the  Thermoelectric  Milk  Cooler 
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Key:  a,  milk  output,  Z/h;  b,  milk  temperature,  °C; 
c,  input;  d,  output;  e,  water  temperature,  °C; 

?,  input;  g,  ou;put;  h,  ref r:gerat i ng  capacity  of 
the  assembly,  kCal/h;  i,  power  requirement,  w; 
j,  coefficient  of  performance. 


The  following  are  the  basic  technical  parameters  for  the  refrigerator. 


Operating  current 
Voltage  drop 

Power  requirement  (direct  current) 

Nominal  refrigerating  capacity 
Coefficient  of  performance  in  the  nominal 
operational  mode 

Consumption  of  semiconductor  materials  for 
the  thermopile 

Cooling  water  rate  of  consumption 
Dimensions : 

Weight  (less  the  power  supply) 


30  a 
30  v 
900  w 
800  kCal/h 

1.18 


4.8  kg 
450  Z/h 

1170  x  260  x  200  mm 
45  kg 


* 
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At  the  Agricultural  Physics  Institute,  where  the  refrigerator 
described  was  developed,  work  continues  in  the  development  of  more 
efficient  designs  for  thermoelectric  refrigerators  for  dairy  farms.  In 
particular,  it  has  been  suggested  to  employ  a  lieavier-duty  thermoelec¬ 
tric  pile,  which  reduces  the  consumption  of  semiconductor  materials  for 
the  refrigerator  by  two  times  while  maintaining  the  same  power  require¬ 
ment.  The  height  of  the  refrigerator  is  also  significantly  reduced  with 
an  improvement  in  the  basic  heat-engineering  parameters  of  the  device. 

§7-  A  Thermoelectric  Drinking-Water  Cooler 

In  the  summer  a  railway  coach,  steamship,  or  aircraft  passenger 
wishes  to  satisfy  his  thirst  with  cool  water.  Since  all  transportation 
facilities  usually  carry  a  limited  amount  of  drinking  water,  in  the  course 
of  time  the  latter  becomes  warm  and  unpleasant.  This  especially  pertains 
to  railway  passenger  transportation,  where  in  the  summertime  the  drinking 
water  in  a  coach  can  reach  a  temperature  of  3S° .  In  addition,  the 
drinking  water  on  transportation  facilities  must  be  boiled.  Railway 
coaches  and  ships  carry  special  devices  to  boil  unprocessed  water  for 
this  purpose.  Obviously,  before  the  boiled  water  is  used  it  must  be 
cooled.  In  agreement  with  established  standards,  the  temperature  of 
drinking  water  must  not  exceed  15°.  The  OVK-380  compressor  water  cooler 
is  usually  employed  in  passenger  cars  of  the  USSR  railroads.  This  instal¬ 
lation  is  not  free  from  the  defects  which  characterize  compressor-type 
cooling  devices.  In  addition,  the  OVK-380  installation  (and  others  of 
a  similar  type)  are  intended  for  operation  in  railway  transportation 
facilities.  The  use  of  these  in  ships  in  practically  impossible,  since 
they  do  not  function  normally  when  displaced  from  a  horizontal  position, 
which  unavoidably  occurs  when  a  ship  is  rolling. 

In  1962  at  the  experimental-research  and  design  era  (EIKB),  under 
the  direction  of  A.  L.  Vaynar,  an  experimental  model  of  a  thermoelectric 
drinking-water  cooler  was  developed  for  passenger  railroad  cars.  This 
device,  which  has  received  the  designation  VO-2,  consists  of  a  sectional- 
ized  thermoelectric  pile,  the  cold  junctions  of  which  are  equipped  with 
fins  and  are  submerged  in  a  space  filled  with  the  boiled  water,  which 
is  to  be  cooled.  The  radiator  system  of  the  hot  junctions  of  the  thermo¬ 
pile  are  enclosed  in  a  special  housing,  through  which  the  general  water 
supply  for  the  car  flows.  Hot  water  which  has  been  processed  by  the  boiler 
is  cooled  in  an  intermediate  heat  exchanger  through  which  water  from  the 
central  water  system  flows,  and  the  cooled  water  than  flows  to  the 
operating  chamber. 

Structurally  the  VO-2  water  cooler  is  made  in  the  shape  of  a  cabinet, 
which  contains  the  cool  water  tank,  the  rectifier  to  supply  the  thermopile, 
a  system  of  automatic  regulation  of  the  operating  mode  an  interlock,  and 
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primary  heat  exchanger.  Control  over  the  operational  mode  of  the  device 
is  accomplished  by  a  remote  panel  located  in  the  train  conductors  service 
compartment.  Tests  of  the  thermoelectric  drinking-water  cooler  were 
conducted  in  a  passenger  car  which  was  being  used  during  the  summer  on 
central -Asian  railroads  of  the  USSR.  The  results  of  the  tests  revealed 
the  high  operational  qualities  of  the  thermoelectric  cooler  and  its 
incontrovertible  advantages  over  the  OVK-380  compressor  cooler. 

The  comparative  parameters  of  these  two  types  of  coolers  for  drinking 
water  are  shown  in  Table  24. 


TABLE  24 

The  Comparative  Parameters  of  the  Thermoelectric  (V 0-2)  and  the  Compressor 
(OVK-38O)  Drinking-Water  Coolers 


Parameter 


VO-2  OVK-380 


Cooled  water  output,  l/b 

Preparation  time,  hours  j 

Power  requirement  from  the  electrical  source,  w 
Weight,  kg  ‘.'.l' 

Dimensions,  ram  ,r.(.vr,u, 


(.‘,0 


Work  is  being  conducted  in  the  L1KB  to  modernize  the  water  cooler; 
xn  particular,  this  includes  a  reduction  in  the  weight  and  the  dimensions 
of  the  device,  and  also  changing  the  system  of  heat  removal  from  the  hot 
junctions  of  the  thermopile  from  water  to  a  forced  air  system.  Naturally, 
in  maritime  usage  only  the  liquid  system  of  heat  removal  will  be  used. 
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